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ABSTRACT 
CORY CHARLES BAUSCH: Benzoin-Type Reactions and Tandem C-C Bond Forming 
Reactions Using Acyl Anion Equivalents 
(Under the direction of Professor Jeffrey S. Johnson) 
 
 
I. Cross Silyl Benzoin Additions Catalyzed by Lanthanum Tricyanide. 
From a screen of (cyanide)metal complexes, an improved catalyst for the cross silyl 
benzoin addition was discovered.  Several M(CN)3 complexes (M = Ce, Er, Sm, Y, Yb, La) 
were evaluated and lanthanum tricyanide was identified as the optimal catalyst.  The catalyst, 
prepared in situ from LaCl3, effects the selective coupling of aryl and alkyl acylsilanes with 
aryl, heteroaryl, ",#-unsaturated, and aliphatic aldehydes.  The reactions occur at ambient 
temperature in less than five minutes to provide, depending on the workup, "-hydroxy or "-
silyloxy ketones in 48-93% isolated yield. 
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II. Cyanide-Catalyzed Additions of Acyl Phosphonates to Aldehydes 
Acyl phosphonates have been utilized as new acyl donors for cyanide-catalyzed 
benzoin type reactions.  Cyanation of acyl phosphonates, followed by a 1,2-phosphoryl 
migration generates the active acyl anion intermediate.  This reacts with a variety of aryl 
aldehydes to yield phosphate ester protected unsymmetrical benzoins in good to excellent 
 iv 
yields.  The unsymmetrical benzoin product can be obtained after deprotection of the 
phosphate ester with an aqueous amine solution. 
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III. Conjugate Addition/Ireland-Claisen Rearrangements of Allyl Fumarates: 
Simple Access to Terminally Differentiated Succinates  
The conjugate addition of dialkylzinc reagents to allyl fumarates with subsequent 
Ireland-Claisen rearrangement has been accomplished yielding substituted unsymmetrical 
succinic acid derivatives.  This one-pot reaction creates two new carbon-carbon bonds at 
contiguous stereogenic centers.  The reaction proceeds for several alkylzinc reagents and 
substituted allyl fumarates.  The products contain distinguishable functional handles for 
further manipulation. 
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CHAPTER 1 
CROSS SILYL BENZOIN ADDITIONS CATALYZED BY LANTHANUM 
TRICYANIDE 
1.1 Introduction   
Umpolung reactivity, or polarity reversal, allows for reactivity of two functional groups of 
similar chemical character by reversing the electronics of one substrate (Scheme 1-1).
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Scheme 1-1.  Umpolung Reactivity  
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Carbonyl compounds are typically electrophilic in character, but with the utilization of 
umpolung reactivity, they become nucleophilic to react with another equivalent of a 
carbonyl.  The benzoin reaction is an established and thoroughly studied reaction that utilizes 
umpolung reactivity of an aldehyde to attack a second equivalent of electrophile.  An 
aldehyde, with M!CN or heterazolium carbene catalysis, becomes nucleophilic as shown in 
Scheme 1-2 to react with a second equivalent of aldehyde.  
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Scheme 1-2.  Active Benzoin Condensation Nucleophile 
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The benzoin condensation
2
 and its congeners
3
 are important methods for the synthesis of "-
hydroxy carbonyls.  The reaction represents one of the most direct routes to such compounds, 
but lack of regiochemical control in the cross benzoin reaction of two different aldehydes can 
be a limitation.  The benzoin condensation tends to be reversible, and as such, the product 
distribution for dimerization of two different aldehydes is often determined by the relative 
thermodynamic stabilities of the four possible isomeric products (Scheme 1-3).
2a,d
  Several 
masked acyl anions, such as silyl cyanohydrins,
3a
 cyanophosphates
4
 and metalated 
dithioacetals,
5
 shown in Figure 1-1 have been reported in a stoichiometric form to 
circumvent the lack of regiochemical control.  Chapter 1 will present a more reactive 
transition metal-cyanide catalyst system for the cross silyl benzoin reaction. 
Scheme 1-3.  Unsymmetrical Benzoin Condensation 
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Figure 1-1.  Stoichiometric Acyl Anion Equivalents 
R1 CN
OSiR3
R1 H
SS
R1 CN
OP(OR)2
O
 
  3 
1.2 Background 
The cross silyl benzoin reaction between acyl silanes and aldehydes has been reported as a 
kinetically-controlled, regiospecific alternative to the traditional benzoin condensation.
3f,6
 
The acyl silanes can be achieved in a three step synthesis starting from the corresponding 
aldehyde or alternative one-step syntheses for specific substrates.
3f,7
 The general procedure 
starts with protection of the aldehyde as a dithioacetal, then lithiation and silylation to give 
the desired silyl dithiane, and subsequent deprotection to the desired acyl silane. 
The cross silyl benzoin reaction relies on generation of an acyl anion equivalent via 
addition of –CN to an acyl silane (1 ! 4a) followed by [1,2]-Brook rearrangement
8
 (4a ! 
4b, Scheme 1-4).  Upon attack of the desired aldehyde, secondary oxyanion 4c is obtained 
and [1,4]-silyl transfer to 4d and subsequent retro-cyanation gives the desired silyl-benzoin 
product 5.   
Scheme 1-4.  Mechanism of Cross Silyl Benzoin Reaction 
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The KCN/18-crown-6 catalyst system
3f,6
 performed well for aryl-aryl´ combinations 
(ArCOCH(OSiEt3)Ar´) but produced lower yields for alkyl-aryl´ products 
  4 
(RalkylCOCH(OSiEt3)Ar) and afforded <20% alkyl-alkyl´ adducts 
(RalkylCOCH(OSiEt3)R´alkyl).  With these results available, there still remains a need for 
increased reactivity for aryl and aliphatic substrates and a platform for enantioselective 
catalysis.   
1.3 Results and Discussion 
An implicit requirement for successful catalysis of the cross silyl benzoin reaction is the 
ability of alkoxide 3 to undergo retrocyanation.  If the cyanation of aldehyde 2 is irreversible, 
3 becomes a nonproductive shunt of the M–CN catalyst and acyl silane cyanation (1 ! 4a) 
is not possible.  (salen)Al–CN complexes were considered as potential catalysts based on the 
recent observation that such species react with acylsilanes to produce (silyloxy)nitrile anions 
4b (M = Al(salen));
7b
 however, the absence of benzoin catalysis in a test reaction (Table 1-1, 
entry 1) hinted at the stability of tetrahedral intermediate 3 (M = Al(salen)). The evaluation 
of (cyanide)lanthanum complexes
9
 was guided by the hypothesis that the derived alkoxide 
complexes 3 might form reversibly.  Attempts with lanthanum i-propoxides activated by 
Me3SiCN failed to provide catalysts with reproducible activity (entries 2,3); however, 
La(CN)3 generated from (n-Bu)3La/Me3SiCN
10
 was found to be an effective catalyst that 
provided consistent yields.
11
 LaCl3 (0.1 equiv) was treated with n-butyllithium (0.3 equiv), 
nominally yielding a tributyllanthanum species, which upon subsequent addition of Me3SiCN 
provided the active catalyst.  Six different (cyanide)lanthanum catalysts were evaluated in the 
reaction between benzoyl dimethylphenylsilane (1a, prepared in one step from benzoyl 
chloride
7d
) and 4-chlorobenzaldehyde (2a); the results are listed in Table 1-1. 
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Table 1-1.  Evaluation of M(CN)n Complexes as Cross Silyl Benzoin Catalysts 
SiMe2Ph
O
Cl
H
O
O
OH
Cl
1a 2a 6a
1.) catalyst (10 mol %)
     THF, 23 °C, < 5 min
2.) aq HCl
 
Entry Catalyst Yield (%)
a 
1 (salen)Al–CN 0 
2 Er(O
i
Pr)3/ Me3SiCN 42-66 
3 Yb(O
i
Pr)3/Me3SiCN 30-55 
4 Ce(CN)3 
b 
40 
5 Er(CN)3 
b
 50 
6 La(CN)3 
b
 75 
7 Sm(CN)3 
b
 51 
8 Y(CN)3 
b
 5 
9 Yb(CN)3 
b
 68 
a) Isolated yield.
  
b) Catalyst prepared via treatment of 0.1 equiv of (n-Bu)3M with 0.3 equiv 
of Me3SiCN (see text). 
All catalysts were generated in situ and the starting materials 1a and 2a were added to the 
catalyst suspension.  Although all of the (cyanide)lanthanum complexes delivered the desired 
"-hydroxy ketone 6a (after acidic workup), La(CN)3 was the metal cyanide that afforded the 
highest yield (entry 6).  Having identified the optimal (cyanide)metal catalyst, the scope of 
the cross benzoin reaction was further investigated (Table 1-2).
11
 
Table 1-2.  Catalyzed Silyl Benzoin Addition Reactions of Acyl Silanes and Aldehydes
a
 
O
SiR33R
1
1
O
R2H
2
R1
OX
H R2
O
5:
6:
X = SiR33
X = H
aq HCl
La(CN)3 (10 mol %)
THF, 23 °C
+
 
Entry Acylsilane R
2
 Product Yield (%)
b
 
1
c
 PhCOSiMe2Ph 4-ClPh 
Ph
O
OH
Cl
6a  
75 
  6 
2
c
 PhCOSiMe3 4-ClPh 
Ph
O
OH
Cl
6a  
87 
3
c
 PhCOSiMe3 4-MeOPh 
Ph
O
OH
OMe
6b  
81 
4 PhCOSiEt3 2-furyl Ph
O
OSiEt3 5a
O
 
88 
5 PhCOSiEt3 N-Me-2-pyrroyl Ph
O
OSiEt3 5b
N
 
93 
6 4-MeOPh-COSiEt3 Ph 
O
Ph
OSiEt3
5c
MeO
 
84 
7 4-ClPh-COSiEt3 Ph 
O
Ph
OSiEt3
5d
Cl
 
83 
8
c
 PhCOSiMe3 (E)-CH=CHPh Ph
O
OH
Ph
6c  
50
d
 
9
c 
PhCOSiMe3 CH2CH2Ph  Ph
O
OH
Ph
6d  
64
d
 
10
c
 MeCOSiMe3 4-ClPh 
Me
O
OH
Cl
6e  
70
d
 
11
c 
MeCOSiMe3 CH2CH2Ph Me
O
OH
Ph
6f  
48
d
 
a) R
1
C(O)SiR3 (1.0 equiv), R
2
CHO (1.1 equiv), LaCN3 (0.1 equiv) in THF at 25 °C for < 5 
min.  b) Yield of isolated analytically pure material.  c) The silyloxy ketone product was 
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subjected to deprotection with 1 M HCl in MeOH.  d) R
1
C(O)SiMe3 (1.0 equiv), R
2
CHO (1.5 
equiv), LaCN3 (0.1 equiv) in THF at 25 °C for 15 min. 
All reactions conducted with benzoyl trimethylsilane (2b) were subjected to subsequent 
silyl ether deprotection with aq HCl upon completion of the reaction.  The reaction time for 
the KCN/18-crown-6 catalyzed cross silyl benzoin additions ranged from 1-5 h, while 
La(CN)3 typically catalyzed the reactions in less than five minutes.  The La(CN)3 catalyst 
gave comparable yields to the KCN/18-crown-6 catalyst previously reported for the aryl-
aryl´ benzoin adducts (entries 1-3).  The La(CN)3 system gave excellent yields in coupling 
PhCOSiEt3 and heteroaromatic aldehydes (entries 4, 5).  PhCOSiMe3 underwent selective 
catalyzed 1,2-addition to an ",#-unsaturated aldehyde (entry 8).  Compared with the 
KCN/18-crown-6 system, significant improvement has been observed for alkyl-aryl´ and 
alkyl-alkyl´ benzoin adducts.  The KCN/18-crown-6 catalyst gives 51% yield for the alkyl-
aryl´ and <10% yield for alkyl-alkyl´ couplings.  In the previous report,
3f
 catalyst loading and 
aldehyde concentration had to be significantly increased to achieve satisfactory yields.  
La(CN)3 catalyzes the silyl benzoin reaction of acetyl trimethylsilane and 4-
chlorobenzaldehyde in reasonable yield (entry 10), and cyanide catalysis has now proven 
effective (albeit in intermediate yield) for the synthesis of alkyl-alkyl´ acyloins (entry 11).  A 
large excess of aldehyde is not required in this case, where in the only other example, a large 
amount is necessary to achieve reasonable yields.
3c
 
The reversibility of aldehyde cyanation in the present reactions was verified through the 
use of mandelonitrile (7) as a catalyst precursor in conjunction with (n-Bu)3La (Scheme 1-
5).
11
  Reaction of the (tributyl)lanthanum species with the cyanohydrin should be rapid and 
irreversible to generate tris(alkoxide) 8 (with concomitant generation of butane).  If aldehyde 
cyanation is reversible (8 ! 9), benzaldehyde extrusion should yield a competent catalyst.  
  8 
Thus, a solution of freshly-prepared (n-Bu)3La (0.1 equiv) was treated with a THF solution of 
PhCH(OH)CN, followed by a THF solution of (p-MeOPh)COSiEt3 and PhCHO.  The cross 
benzoin product 6g was obtained in 73% yield after acidic workup, consistent with the 
working hypothesis.  It is interesting to note the contrast to the classic benzoin condensation 
in which aldehyde cyanation is the crucial initiating step: in the present reactions no 
productive chemistry arises from M–CN addition to RCHO.   
Scheme 1-5.  Test for Reversibility of Aldehyde Cyanation 
SiEt3
O
H
O O
OH
6g
1.) 9 (10 mol %)
     THF, 23 °C, 
     < 5 min
2.) aq HCl
OH
NC
Ph
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0.3 equiv
(n-Bu)3La (0.1 equiv)
n-BuH
O
NC
Ph
La
3
7 8
9
MeO
+
MeO
73%  
The next rational step in expanding this reaction platform is the development of an 
enatioselective variant.  There are reports of asymmetric cyanations using chiral La-
complexes, plus a wide variety of C2-symmetric ligands that can be applied to the developed 
methodology (Scheme 1-6).
7b,9,12
 Many attempts were made to achieve a (cyanide)metal 
catalyzed enantioselective cross silyl benzoin reaction, but all combinations of metal and 
ligand yielded only racemic product.  It is proposed that the rapid rate of dissociation of the 
ligand and very reactive M(CN)3 leads to achieving the desired product with no 
enantioinduction. 
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Scheme 1-6.  Attempts at Enantioselective Catalysis 
O
O
*
La CN
R SiMe3
O
R' H
O
R
R'
O
OSiMe3
+
O
O
*
La CN
O
O
PhPh
PhPh
O
O
LaCN
O
O
PhPh
PhPh
O
O
LaCN
OEt
OEt
O
N
O
N
La
N
O
NN
O
LaCN3
CN
 
 
1.4 Conclusions 
In summary, an improved catalyst for the cross silyl benzoin addition has been developed.  
A (cyanide)lanthanum complex is successful with a range of substrates and allows for 
simple, regiospecific synthesis of "-hydroxy ketones and their silyl-protected progenitors.  
The reaction proceeds rapidly at ambient temperature.  Unfortunately, modifications of the 
(cyanide)metal complexes gave no enantioinduction.  Acyl silanes are useful acyl anion 
precursors and the distinct advantage is the ability to achieve regiospecific benzoin type 
products in one step; however, the starting material synthesis is a three step process and the 
deprotection of the dithiane requires superstoichiometric Hg(II).  Chapter 2 will present an 
alternative acyl anion with parallel reactivity intended to circumvent the issue of length and 
toxicity in starting material syntheses that hinder the user-friendliness of the acyl silanes.  
  10 
1.5 Experimental 
Materials and Methods: General.  Infrared (IR) spectra were obtained using a 
Nicolet 560-E.S.P. infrared spectrometer.  Proton and carbon nuclear magnetic resonance 
spectra (
1
H and 
13
C NMR) were recorded on the following instruments: Bruker model 
Avance 400 (
1
H NMR at 400 MHz and 
13
C NMR at 100 MHz) and Varian Gemini 300 (
1
H 
NMR at 300 MHz and 
13
C at 75 MHz) spectrometers with solvent resonance as the internal 
standard (
1
H NMR: CDCl3 at 7.23 ppm and 
13
C NMR: CDCl3 at 77.0 ppm).  
1
H NMR data 
are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = 
quartet, sep = septet, m = multiplet), coupling constants (Hz), and integration.  Combustion 
analyses were performed by Atlantic Microlab Inc., Norcross, GA.  Analytical thin layer 
chromatography (TLC) was performed on Whatman 0.25 mm silica gel 60 plates.  
Visualization was accomplished with UV light and aqueous ceric ammonium nitrate 
molybdate solution followed by heating.  Purification of the reaction products was carried out 
by flash chromatography using Silicycle silica gel 60 (40-63 µm).  All reactions were carried 
out under an atmosphere of argon in flame-dried glassware with magnetic stirring.  Yield 
refers to isolated yield of analytically pure material.  Yields are reported for a specific 
experiment and as a result may differ slightly from those found in the tables, which are 
averages of at least two experiments.  Diethyl ether and tetrahydrofuran were dried by 
passage through a column of neutral alumina under nitrogen prior to use.  Unless otherwise 
noted, reagents were obtained from commercial sources and used without further 
purification. 
General Procedure (A) for the preparation of LaCN3.
10
  A flame-dried 25 mL 
round-bottom flask with a magnetic stir bar was charged with 0.04 mmol of LaCl3 and 3 ml 
  11 
THF in a dry box.  The flask was removed and cooled to -78 ˚C while maintaining an N2 
environment.  After 15 min, n-butyllithium (1.6 M in hexanes, 0.12 mmol, 3.0 equiv) was 
added via syringe.  This was stirred for 15 min at the same temperature, then warmed to 0 ˚C.  
After stirring for 30 min, 0.12 mmol of trimethylsilyl cyanide (3.0 equiv) was added and 
stirred for 30 min at the same temperature then warmed over 30 min to room temperature. 
General Procedure (B) for the reaction of acyl silanes with aldehydes.  To a 
suspension of La(CN)3 prepared according to General Procedure A was added at 23 ˚C, a 
solution of acyl silane (0.40 mmol, 1.0 equiv) and aldehyde (0.44 mmol, 1.1 equiv) in 8 mL 
of THF via cannula.  Upon completion of the reaction (TLC analysis), 5 mL of 1 M HCl was 
added at 23 ˚C to quench the reaction and remove the silyl protecting group.  After 30 min, 
10 mL of Et2O was added and the organic layer was washed twice with 10 mL of H2O.  The 
aqueous layer was extracted with three 20 mL portions of Et2O.  The organic extracts were 
dried (MgSO4), filtered, and the solvent was removed with a rotary evaporator.  The product 
was purified by flash chromatography, eluting with the indicated solvent system to provide 
the pure "-hydroxy ketone. 
SiMe2Ph
O
Cl
H
O 1.) La(CN)3 (10 mol %)
     THF, 23 °C
2.) 1 M HCl, MeOH
Ph
O
OH
Cl
+
 
2-(4-Chlorophenyl)-2-hydroxy-1-phenyl-ethanone (6a).  The title compound was 
prepared according to General Procedure B using 80 mg (0.34 mmol) of acyl silane
7c,13
 , 52 
mg (0.37 mmol) of 4-chlorobenzaldehyde, 0.034 mmol of La(CN)3, and 11 mL THF.  After 5 
min at 23 ˚C, the reaction was quenched and the product was purified by flash 
chromatography with 20% EtOAc/hexanes to afford 62.0 mg (75%) of the product as a white 
solid.  Spectral data corresponds to that previously reported.
14
 Analytical data for the title 
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compound:  
1
H NMR (300 MHz, CDCl3) $ 7.87 (d, J = 7.5 Hz, 2H), 7.52 (t, J = 7.5 Hz, 1H), 
7.39 (t, J = 7.5 Hz, 2H), 7.25-7.29 (m, 4H), 5.92 (s, 1H), 4.57 (b s, 1H). 
SiMe3
O
Cl
H
O 1.) La(CN)3 (10 mol %)
     THF, 23 °C
2.) 1 M HCl, MeOH
Ph
O
OH
Cl
+
 
2-(4-Chlorophenyl)-2-hydroxy-1-phenyl-ethanone (6a).  The title compound was 
prepared according to General Procedure B using 60 mg (0.34 mmol) of acyl silane, 52 mg 
(0.37 mmol) of 4-chlorobenzaldehyde, 0.034 mmol of La(CN)3, and 11 mL THF.  After 5 
min at 23 ˚C, the reaction was quenched and the product was purified by flash 
chromatography with 20% EtOAc/hexanes to afford 71.9 mg (87%) of the product as a white 
solid.  Spectral data corresponds to that previously reported.
14
  Analytical data for the title 
compound:  
1
H NMR (300 MHz, CDCl3) $ 7.87 (d, J = 7.5 Hz, 2H), 7.52 (t, J = 7.5 Hz, 1H), 
7.39 (t, J = 7.5 Hz, 2H), 7.29-7.25 (m, 4H), 5.92 (s, 1H), 4.57 (br s, 1H). 
SiMe3
O
MeO
H
O 1.) La(CN)3 (10 mol %)
     THF, 23 °C
2.) 1 M HCl, MeOH
Ph
O
OH
OMe
+
 
2-Hydroxy-2-(4-methoxyphenyl)-1-phenyl-ethanone (6b).  The title compound was 
prepared according to General Procedure B using 70 mg (0.39 mmol) of acyl silane, 59 mg 
(0.43 mmol) of 4-methoxybenzaldehyde, 0.039 mmol of La(CN)3, and 11 mL THF.  After 5 
min at 23 ˚C, the reaction was quenched and the product was purified by flash 
chromatography with 20% EtOAc/hexanes to afford 76.8 mg (81%) of the product as a white 
solid.  Spectral data corresponds to that previously reported.
14
  Analytical data for the title 
compound:  
 1
H NMR (300 MHz, CDCl3) $ 7.90 (d, J = 7.5 Hz, 2H), 7.51 (t, J = 7.5 Hz, 1H), 
  13 
7.38 (t, J = 7.5 Hz, 2H), 7.25 (d, J = 8.7 Hz, 2H), 6.84 (d, J = 8.4 Hz, 2H), 5.91 (d, J = 5.7 
Hz, 1 H), 4.51 (d, J = 6.0, 1H), 3.74 (s, 3H). 
SiEt3
O
H
O 1.) La(CN)3 (10 mol %)
     THF, 23 °C
Ph
O
OSiEt3
+
O
O
 
2-(2-Furyl)-1-phenyl-2-triethylsilyloxy-ethanone (5a).  The catalyst was generated 
according to General Procedure A in 3 ml THF.  A solution of 80 mg (0.36 mmol) of acyl 
silane and 38 mg (0.40 mmol) of 2-furaldehyde in 8 mL of THF were added via cannula.  
After 5 min at 23 ˚C, 10 ml of Et2O was added and the resulting solution was washed twice 
with 10 mL of H2O and the aqueous layer was extracted with three 20 mL portions of Et2O.  
The organic extracts were dried (MgSO4), filtered, and the solvent was removed with a rotary 
evaporator.  The product was purified by flash chromatography with 10% EtOAc/hexanes to 
afford 101 mg (88%) of the product as a clear oil.  Spectral data corresponds to that 
previously reported.
3f
  Analytical data for the title compound:  
 1
H NMR (300 MHz, CDCl3) 
$ 8.06 (d, J = 7.2 Hz, 2H), 7.51 (t, J = 7.5 Hz, 1H), 7.42-7.37 (m, 3H), 6.35-6.30 (m, 2H), 
5.89 (s, 1H), 0.91 (t, J = 7.8 Hz, 9H), 0.62 (q, J = 8.7 Hz, 6H). 
SiEt3
O
H
O 1.) La(CN)3 (10 mol %)
     THF, 23 °C
Ph
O
OSiEt3
+
N
N
 
2-(2-N-methyl-pyrroyl)-1-phenyl-2-triethylsilyloxy-ethanone (5b).  The catalyst 
was generated according to General Procedure A in 3 mL THF.  A solution of 70 mg (0.32 
mmol) of acyl silane and 38 mg (0.35 mmol) of N-methyl-pyrrole-2-carbaldehyde in 8 mL 
THF were added via cannula.  After 5 min at 23 ˚C, 10 ml Et2O was added and the resulting 
solution was washed twice with 10 mL H2O and the aqueous layer was extracted with three 
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20 mL portions of Et2O.  The organic extracts were dried (MgSO4), filtered, and the solvent 
was removed with a rotary evaporator.  The product was purified by flash chromatography 
with 10% EtOAc/hexanes to afford 94 mg (93%) of the product as a clear oil.  Analytical 
data for the title compound: IR (thin film, cm
-1
) 1699, 2877, 2956, 3054;  
1
H NMR (400 
MHz, C6D6) $ 8.08-8.06 (m, 2H), 7.02-6.80 (m, 3H), 6.24-6.23 (m, 2H), 6.09 (t, J = 3.2 Hz, 
1H), 6.06 (s, 1H), 3.29 (s, 3H), 0.96 (t, J = 8.0 Hz, 9H), 0.63 (q, J = 8.0 Hz, 6H); );  
13
C 
NMR (100 MHz, C6D6) $ 196.6, 136.3, 133.1, 129.9, 128.8, 124.7, 111.1, 108.1, 73.6, 34.7, 
7.4, 5.7;  TLC (15% EtOAc/hexanes) Rf  0.42;  Anal. Calcd. for C19H27NO2Si: C, 69.26; H, 
8.26; N, 4.25.  Found: C, 69.30; H, 8.49; N, 4.34.  
SiEt3
O
H
O 1.) La(CN)3 (10 mol %)
     THF, 23 °C
O
Ph
OSiEt3
+
MeO MeO  
1-(4-Methoxyphenyl)-2-phenyl-2-triethylsilyloxy-ethanone (5c).  The catalyst was 
generated according to General Procedure A in 3 mL THF.  A solution of 90 mg (0.36 mmol) 
of acyl silane and 42 mg (0.40 mmol) of benzaldehyde in 8 mL of THF was added via 
cannula.  After 5 min at 23 ˚C, 10 ml Et2O was added and the organic layer was washed 
twice with 10 mL H2O.  The aqueous layer was extracted with three 20 mL portions of Et2O.  
The organic extracts were dried (MgSO4), filtered, and the solvent was removed with a rotary 
evaporator.  The product was purified by flash chromatography with 10% EtOAc/hexanes to 
afford 109.2 mg (84%) of the product as a clear oil.  Spectral data corresponds to that 
previously reported.
3f
  Analytical data for the title compound:  
1
H NMR (400 MHz, CDCl3) 
$ 7.90 (d, J = 8.0 Hz, 2H), 7.35-7.29 (m, 5H), 6.85 (d, J = 8.0 Hz, 2H), 5.81 (s, 1H), 3.79 (s, 
3H), 0.93 (t, J = 8.0 Hz, 9H), 0.52 (q, J = 8.0 Hz, 6H). 
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SiEt3
O
H
O 1.) La(CN)3 (10 mol %)
     THF, 23 °C
O
Ph
OSiEt3
+
Cl Cl  
1-(4-Chlorophenyl-2-phenyl-2-triethylsilyloxy-ethanone (5d).  The catalyst was 
generated according to General Procedure A in 3 mL THF.  A solution of 90 mg (0.34 mmol) 
of acyl silane and 45 mg (0.37 mmol) of benzaldehyde in 8 mL of THF were added via 
cannula.  After 5 min at 23 ˚C, 10 ml Et2O was added and the organic layer was washed 
twice with 10 mL H2O and the aqueous layer was extracted with three 20 mL portions of 
Et2O.  The organic extracts were dried (MgSO4), filtered, and the solvent was removed with a 
rotary evaporator.  The product was purified by flash chromatography with 10% 
EtOAc/hexanes to afford 106 mg (83%) of the product as a clear oil.  Spectral data 
corresponds to that previously reported.
3f
  Analytical Data for the title compound:  
1
H NMR 
(400 MHz, CDCl3) $ 7.99 (d, J = 8.8 Hz, 2H), 7.51 (d, J = 8 Hz, 2H), 7.35-7.29 (m, 5H), 
5.71 (s, 1H), 0.89 (t, J = 8 Hz, 9H), 0.65-0.58 (m, 6H). 
SiMe3
O
Ph H
O
1.) La(CN)3 (10 mol %)
     THF, 23 °C
2.) 1 M HCl, MeOH
Ph
O
OH
Ph
+
 
 1,4-Diphenyl-2-triethylsilanyloxy-but-3-en-1-one (6c).  The catalyst was generated 
according to General Procedure A in 3 mL THF.  A solution of 90 mg (0.40 mmol) of acyl 
silane and 81 mg (0.61 mmol) of cinnamaldehyde in 8 mL THF was added via cannula.  
After 15 min at 23 ˚C, 10 mL Et2O was added and the organic layer was washed twice with 
10 mL H2O.  The aqueous layer was extracted with three 20 mL portions of Et2O.  The 
organic extracts were dried (MgSO4), filtered, and the solvent was removed with a rotary 
evaporator.  The product was dissolved in 10 mL EtOH, 10 mL of 1M HCl was added stirred 
for 20 minutes.  Once deprotection was complete, 10 ml Et2O was added and the organic 
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layer was washed twice with 10 mL H2O and the aqueous layer was extracted with three 20 
mL portions of Et2O.  The organic extracts were dried (MgSO4), filtered, and the solvent was 
removed with a rotary evaporator.  The product was purified by flash chromatography with 
20% EtOAc/hexanes to afford 60 mg (50%) of the product as a clear oil.  Analytical Data for 
the title compound: IR (thin film, cm
-1
) 1680, 3026, 3078, 3379, 3423;  
1
H NMR (400 MHz, 
CDCl3) $ 8.03-8.01 (m, 2H), 7.61 (dt, J = 1.6, 7.2 Hz, 1H) 7.52-7.48 (m, 2H), 7.33-7.20 (m, 
5H), 6.87 (dd, J = 1.2, 15.6 Hz, 1H), 6.22 (dd, J = 6.4, 15.6 Hz, 1H), 5.68 (dt, J = 1.6, 6.4 Hz, 
1H), 4.17 (d, J = 6.0, 1H);  
13
C NMR (100 MHz, CDCl3) $ 199.0, 136.4, 134.5, 134.0, 133.8, 
129.3, 129.2, 128.9, 128.5, 127.0, 126.4, 74.5; TLC (20% EtOAc/hexanes) Rf  0.23. Attempts 
to obtain acceptable combustion analysis were not successful. See Supporting Information of 
reference 11 for a 
1
H NMR spectrum. 
SiMe3
O
Ph H
O
1.) La(CN)3 (10 mol %)
     THF, 23 °C
2.) 1 M HCl, MeOH
Ph
O
OH
Ph
+
 
1,4-Diphenyl-2-hydroxy-butan-1-one (6d).  The title compound was prepared 
according to General Procedure B using 75 mg (0.42 mmol) of acyl silane, 62 mg (0.46 
mmol) of hydrocinnamaldehyde, 0.042 mmol of La(CN)3, and 11 mL of THF.  After 15 min 
at 23 ˚C, the reaction was quenched and the product was purified by flash chromatography 
with 15% EtOAc/hexanes to afford 64.5 mg (64%) of the product as a clear oil.  Analytical 
data for the title compound: IR (thin film, cm
-1
) 1682, 2860, 2923, 3483;  
1
H NMR (400 
MHz, CDCl3) $ 7.78-7.75 (m, 2H), 7.58 (t, J = 7.2 Hz, 1H), 7.43 (t, J = 8.0 Hz, 2H), 7.29-
7.16 (m, 5H), 5.03 (ddd, J = 2.8, 6.4, 8.8 Hz, 1H), 3.79 (d, J = 6.4, 1H), 2.75 (m, 2H) 2.16 
(dddd, J = 2.8, 8.0, 9.2, 12 Hz, 1H), 1.82 (dddd, J = 4.8, 8.8, 9.6, 14.4 Hz, 1H);  
13
C NMR 
(100 MHz, CDCl3) $ 202.2, 141.3, 134.2, 133.8, 129.1, 129.0, 128.8, 128.7, 126.4, 72.5, 
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38.0, 31.6; TLC (15% EtOAc/hexanes) Rf  0.17;  Anal. Calcd. for C16H16O2: C, 79.97; H, 
6.71.  Found: C, 79.68; H, 6.72. 
Me SiMe3
O
H
O 1.) La(CN)3 (10 mol %)
     THF, 23 °C
2.) 1 M HCl, MeOH
Me
O
OH
+
Cl
Cl
 
1-(4-Chlorophenyl)-1-hydroxy-propan-2-one (6e).  The title compound was 
prepared according to General Procedure B using 90 mg (0.77 mmol) of acyl silane, 163 mg 
(1.16 mmol) 4-chlorobenzaldehyde, 0.042 mmol of La(CN)3, and 13 mL THF.  After 15 min 
at 23 ˚C, the reaction was quenched and the product was purified by flash chromatography 
with 20% EtOAc/hexanes to afford 100 mg (70%) of the product as a clear oil.  Spectral data 
corresponds to that previously reported.
15
 Analytical data for the title compound:  
1
H NMR 
(400 MHz, CDCl3) $ 7.30 (d, J = 4.8 Hz, 2H), 7.18 (d, J = 9.0 Hz, 2H), 4.99 (s, 1H), 1.99 (s, 
3H). 
Me SiMe3
O
Ph H
O
1.) La(CN)3 (10 mol %)
     THF, 23 °C
2.) 1 M HCl, MeOH
Me
O
OH
Ph+
 
3-Hydroxy-5-phenyl-pentan-2-one (6f).  The title compound was prepared 
according to General Procedure B using 90 mg (0.57 mmol) of acyl silane, 114 mg (0.85 
mmol) hydrocinnamaldehyde, 0.057 mmol of La(CN)3, and 13 mL THF.  After 15 min at 23 
˚C, the reaction was quenched and the product was purified by flash chromatography with 
20% EtOAc/hexanes to afford 80 mg (48%) of the product as a clear oil.  Spectral data 
corresponds to that previously reported.
16
 Analytical data for the title compound:  
1
H NMR 
(400 MHz, CDCl3) $ 7.32-7.18 (m, 5H), 4.19-4.14 (m, 1H), 3.57 (d, J = 4.8 Hz, 1H), 2.85-
2.68 (m, 2H), 2.20-2.09 (m, 1H), 2.16 (s, 3H), 1.83 (dddd, J = 4.8, 8.3, 9.1, 13.7 Hz, 1H). 
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CHAPTER 2 
CYANIDE-CATALYZED ADDITIONS OF ACYL PHOSPHONATES TO 
ALDEHYDES: A NEW ACYL DONOR FOR BENZOIN-TYPE REACTIONS. 
2.1  Introduction 
The cyanide catalyzed benzoin reaction (R2 = H, Scheme 2-1) is an expeditious route to !-
hydroxy ketones.  The reaction proceeds via a catalytically generated (hydroxy)nitrile anion  
Scheme 2-1.  Cyanide catalyzed Benzoin Type Reactions 
O
R2R1
+
O
HR3
O
R2
R3
OR2
CNM
R1 = Aryl R2 = H
R2 = SiR3
R2 = C(O)Ph
R2 = P(O)(OR)2  
that functions as an acyl anion equivalent.1 Regioselectivity issues in the catalytic process 
have been addressed through the application of stoichiometrically generated acyl anion 
equivalents.  Metalated dithioacetals,2 (silyloxy)nitriles,3 and cyano-phosphates4 are 
representative stoichiometrically generated acyl anion equivalents employed to achieve 
unsymmetrical benzoin products.  While effective, these routes are not without drawbacks: 
added steps in making the starting materials, stoichiometric reagents, and in the case of the 
dithiane chemistry, deprotection with Hg(II).  Chapter 1 described an advance in the 
previously reported cross-silyl benzoin reaction using La(CN)3 as a highly reactive catalyst.
5 
This chapter will describe a benzoin-type reaction with acyl phosphonates, which are 
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accessible through a simple, one-step synthesis from inexpensive starting materials.  The 
reactions are tolerant and effective under atmospheric conditions with undried, unpurified 
solvent, simplifying the reaction conditions. 
2.2  Background 
Regiospecific catalytic benzoin-type reactions have been reported using in situ generated 
acyl anion equivalents.  Previous published work utilizes acyl silanes (R2 = SiR3, Scheme 2-
1) in cross silyl benzoin reactions that work well for a variety of aryl and aliphatic substrates 
with either KCN/18-crown-6 or La(CN)3 catalysts.
5,6 A report by Schowen7 utilized benzil 
(R2 = C(O)Ph, Scheme 2-1) as an acyl donor in benzoin-type reactions, yielding an ester-
protected benzoin product.  Demir and Reis8 recently expanded on the initial report, showing 
the application of the reaction to a broader range of aromatic diketone and aldehyde reaction 
partners.  Considering the [1,2]-acyl migration implicit in these reactions, it was of interest to 
explore cyano-phosphates as effective nucleophilic partners.  A report by Kurihara and 
coworkers showed that deprotonated cyanophosphates (12 " 11, Scheme 2-2) act as 
effective nucleophilic partners with aldehyde electrophiles.4  It was surmised that 11 could be 
catalytically generated from an acyl phosphonate (10).  Generation of intermediate 11 
(Scheme 2-2) is integral in the proposed cycle, thus the key step of an effective catalytic 
reaction of acyl phosphonates is the [1,2]-phosphoryl migration from the carbon to oxygen. 
Scheme 2-2.  Access to (Cyano)Phosphate Anions 
O
P(OR)2R
1
O
OP(OR)2
CNR1
M
O
OP(OR)2
CNR1
H
OM-CN
+
10
11 12
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Upon carbonyl addition, [1,2]-phosphoryl transfer, aldehyde addition, [1,4]-phosphoryl 
transfer, and retrocyanation, a complete catalytic cycle could be envisioned (Scheme 2-3). 
Scheme 2-3.  Proposed Catalytic Cycle of Cross Phospha-Benzoin Reaction  
O
P(OR)2R
1 R1 P(OR)2
ONC OP(OR)2
CR1
N M
M
O
R2H
R1
O
M
OP(OR)2NC
H R2
R1
OP(OR)2
ONC
H R2
R1
R2
O M
M CN
10 13a
11
2
14
13d 13b
O O
O
O
O
OP(OR)2
O
 
The projected application has practical merit over the stoichoimetrically generated acyl 
anions and acyl silanes, considering that acyl phosphonates are easily synthesized and 
purified9 via the Michaelis-Arbuzov reaction of acyl chlorides and trialkyl phosphites.  The 
phosphate ester-protected benzoin products that would result from a phospha-benzoin 
reaction also have documented utility as benign instruments of inorganic phosphate photo-
release.10,11 
2.3  Results and Discussion 
Preliminary results showed that cyanide successfully catalyzes acyl phosphonate addition 
to aldehydes (Table 2-1).12 The conditions from the cross-silyl benzoin and the benzil 
addition were employed and modified, with the [18-crown-6•K]CN complex13 in diethyl 
ether providing the optimal catalyst/solvent combination.  Reaction times ranged from 20-60 
min at 0-25 °C.  The use of KCN in DMF was successful, but led to concurrent 
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regioisomerization of the unsymmetrical benzoin product.  Demir subsequently reported this 
reaction with the KCN/DMF system and did not report the same regioisomerization issue.14 
Reactivity decreased with alternative phase transfer catalysts such as Bu4NBr and Bu4PBr; 
poorer conversion was also observed in THF and toluene.  The conditions were further 
simplified with the use of undried, unpurified diethyl ether, without the need of an inert 
atmosphere.   
Table 2-1. Cyanide Catalyzed Phospha-Benzoin Addition Reactions of Acyl Phosphonates 
and Aldehydes 
O
P(OR2)2R
1
O
R3H
O
R1
R3
O
O
P(OR2)2
O
[18-crown-6•KCN]
(cat.)
Et2O
+
 
Entry R
1
 R
2
 R
3
 Product Yield (%)
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a) R1C(O)PO(OR2)2 (1.0 equiv), R
3CHO (1.1 equiv), KCN/18-crown-6 (0.10-0.15 equiv) in 
Et2O at 0 to 23 °C.  b) Yield of isolated, analytically pure material. 
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With the optimum reaction conditions identified (10 mol % [18-crown-6•K]CN complex in 
diethyl ether open to the air), the scope of the reaction was explored (Table 1-1).  The 
reaction works well with benzoyl diethylphosphonate and a variety of aryl aldehydes (entries 
1-5).  Reactivity was diminished considerably when an electron-poor acyl phosphonate was 
employed (entry 6), therefore the catalyst loading was increased to 15 mol % at ambient 
temperature, but slight regioisomerization occurs before complete consumption of the 
starting material.  Cyano-phosphate 12 is also observed.  Electron-rich acyl phosphonates 
give good yields with 10 mol % catalyst loading at ambient temperatures.  Heteroaromatic 
aldehydes can also be employed, giving moderate yields with slightly modified conditions of 
15 mol % catalyst loading at 0 °C.   
The main obstacle encountered with this reaction is the propensity for regioisomerization if 
left in the presence of catalyst long past consumption of the acyl phosphonate.  For most 
combinations of aryl acyl phosphonates and aryl aldehdyes, the standard conditions of 10 
mol % catalyst at ambient temperature are sufficient, but in some cases the temperature needs 
to be decreased or the catalyst loading increased.  The reaction is not tolerant of alkyl acyl 
phosphonates, particularly acetyl diethylphosphonate and trimethylacetyl 
diethylphosphonate, as only undefined decomposition is observed.  Demir reports successful 
reactivity between alkyl acyl phosphonates and aryl aldehydes with 30 mol % KCN and 18% 
mol % 18-crown-6 in refluxing toluene.14  Aryl acyl phosphates do give desired products 
with aliphatic aldehydes, but only minimal reactivity is achieved, even with electron rich acyl 
phosphonates.  Advantages of using acyl phosphonates are the ease of starting material 
synthesis, the ability to use unpurified, undried solvent, and the fact that an inert atmosphere 
is not required.  The only byproduct is 12, which presumably occurs from the protonation of 
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11; however, it is formed in minimal quantities and can be easily separated by flash 
chromatography.  In all cases where slight regioisomerization occurs, the isomers can be 
separated by flash chromatography, which allows the isolation of the desired product. 
Preliminary observations indicate that the phosphate protected benzoin product can 
participate in SN reactions.
12  The phosphate group is a sufficient leaving group, that with a 
nucleophile such as a thiolate, a clean displacement results, yielding the thioether 15 
(Scheme 2-4). 
Scheme 2-4.  SN Reaction of Phospha-Benzoin Product with Lithium Thiolate 
THF, -78 °C
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Efforts were next focused on an efficient deprotection protocol to reveal the !-hydroxy 
ketone products.12  The keto-phosphates are remarkably stable in aqueous acid: even at 
elevated temperatures only starting material was recovered.  Attempts with simple basic 
conditions, (e.g.,K2CO3/MeOH or NaOH/MeOH open to the atmosphere) gave the desired 
benzoin product, but with competing oxidation to the diketone.  The same reaction was 
attempted with degassed water under an inert atmosphere, yielding the desired benzoin 
product and the regioisomer of the desired product in varying amounts.  Ultimately, an 
aqueous amine solution was found to cleave the phosphate ester and reveal the desired !-
hydroxy ketone.15 The optimal conditions for the deprotection are with degassed water and 
distilled diethyl amine.  Examples of the deprotection of the phosphate ester protected 
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benzoin derivatives are shown in Table 2-2.  Differences in the electronics on either aryl ring 
can affect the reaction time, but completion can be monitored by TLC analysis. 
Table 2-2.  Deprotection of Keto-Phosphates. 
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As a prerequisite for any future asymmetric variant of the title process, it was important to 
determine whether the deprotection conditions would compromise the stereochemical 
integrity of an enantioenriched benzoin.12  To perform the analysis, an enantioenriched 
benzoin was synthesized using reported methods,16 yielding a free benzoin with an 
enantiomeric excess of 82% (Scheme 2-5).  This can be protected with diethyl 
chlorophosphate and pyridine, furnishing the phosphate protected benzoin in 82% ee.  
Deprotection of the phosphate ester using a 9:1 diethyl amine/water solution at -10 °C gives 
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the free benzoin in 75% yield and 70% ee after 1 hr.  Due to the basicity of the deprotection 
conditions, there is slight racemization. 
Scheme 2-5.  Deprotection of Enantioenriched Keto-Phosphonate.  
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Attempts were made at an asymmetric variant for the cross phospha-benzoin reaction 
following the protocol reported in Chapter 1 as well as the asymmetric metallophosphite-
catalyzed cross silyl-benzoin reaction.14  All attempts resulted in no enantioinduction or no 
reactivity. 
2.4  Conclusions 
In summary, a new benzoin type reaction has been developed using acyl phosphonates as 
the acyl anion precursor.  The advantage of acyl phosphonates over acyl silanes is the ease of 
starting material synthesis and general starting material stability.  The reaction gives 
moderate to excellent yields for aryl-aryl´ couplings of acyl phosphonates and aldehydes.  
The products can be deprotected using an aqueous amine solution to yield the free 
unsymmetrical benzoins.  Chapter 3 deviates from the theme of Chapters 1 and 2 in the 
methodology, but it stems from the same theme and will be presented in the order that the 
ideas were devised and attempted. 
2.5  Experimental 
Materials and Methods: General.  Infrared (IR) spectra were obtained using a 
Nicolet 560-E.S.P. infrared spectrometer.  Proton and carbon nuclear magnetic resonance 
spectra (1H and 13C NMR) were recorded on the following instruments: Bruker model 
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Avance 400 (1H NMR at 400 MHz and 13C NMR at 100 MHz) and Varian Gemini 300 (1H 
NMR at 300 MHz and 13C at 75 MHz) spectrometers with solvent resonance as the internal 
standard (1H NMR: CDCl3 at 7.23 ppm and 
13C NMR: CDCl3 at 77.0 ppm).  
1H NMR data 
are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = 
quartet, sep = septet, m = multiplet), coupling constants (Hz), and integration.  Enantiomeric 
excesses were obtained using a Berger Supercritical Fluid Chromatograph model FCM 
1100/1200 equipped with an Agilent 1100 series UV-Vis detector using one of the three 
following chiral HPLC columns: Chiralcel Chiralpak AD or OD columns or a Regis Pirkle 
Whelk-O 1 column. Samples were eluted with SFC grade CO2 and the indicated percentage 
of MeOH.  Combustion analyses were performed by Atlantic Microlab Inc., Norcross, GA.  
Analytical thin layer chromatography (TLC) was performed on Whatman 0.25 mm silica gel 
60 plates.  Visualization was accomplished with UV light and aqueous ceric ammonium 
nitrate molybdate solution followed by heating.  Purification of the reaction products was 
carried out by flash chromatography using Silicycle silica gel 60 (40-63 µm).  All reactions 
were carried out with magnetic stirring.  Yield refers to isolated yield of analytically pure 
material.  Yields are reported for a specific experiment and as a result may differ slightly 
from those found in the tables, which are averages of at least two experiments.  
Tetrahydrofuran was dried by passage through a column of neutral alumina under nitrogen 
prior to use.  Unless otherwise noted, reagents were obtained from commercial sources and 
used without further purification.  18-crown-6 was recrystallized from acetonitrile.  
Potassium cyanide was dried at 180 °C under vacuum.  CAUTION: Potassium cyanide is 
toxic and releases HCN upon exposure to acid.  While we have encountered no problems in 
the chemistry described herein, we regularly employ an HCN detector (BW Technologies, 
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Ltd.) in manipulations involving cyanide reagents as a precautionary measure. Reactions 
should be conducted in a well-ventilated fume hood. 
General Procedure (A) for the preparation of Aryl(Alkyl)-phosphonic acid 
diethyl ester.  A flame-dried 25 mL round-bottom flask with a magnetic stir bar and addition 
funnel was charged with 51.7 mmol acyl chloride under argon.  The addition funnel was 
charged with 51.7 mmol triethyl phosphite and the phosphite was added dropwise not to 
exceed 40 ˚C.  After 30 min, the product was distilled by vacuum distillation.9,17 
General Procedure (B) for the reaction of acyl phosphonates with aldehydes.  A 
25 mL round-bottom flask with a magnetic stir bar was charged with  acyl phosphonate (0.41 
mmol, 1.0 equiv) and aldehyde (0.45 mmol, 1.1 equiv).  Et2O (2 mL) was added to make a 
0.2 M solution, followed by KCN/18-crown-6 complex.12  Upon completion of the reaction 
(TLC analysis), 10 mL of Et2O was added and the organic layer was washed twice with 10 
mL of H2O.  The organic extracts were dried (MgSO4), filtered, and the solvent was removed 
with a rotary evaporator.  The product was purified by flash chromatography, eluting with the 
indicated solvent system to provide the pure !-diethylphosphono ketone. 
General Procedure (C) for the deprotection of phospha benzoins.  A 25 mL 
round-bottom flask with a magnetic stir bar was charged with phosphabenzoin (0.26 mmol) 
and purged with Ar.  The flask was cooled to 0 ˚C, and a solution of freshly distilled diethyl 
amine and degassed water (5:1 mixture) was added at the same temperature and stirred under 
an inert atmosphere.  In some cases, the reaction mixture was warmed to 23 ˚C to consume 
all starting material.  Upon completion of the reaction (TLC analysis), 20 mL of Et2O was 
added and the organic layer was washed with 10 mL of 1M HCl, 10 mL of sat. Na2SO4 
solution, and sat. NaCl solution.  The organic extracts were dried (MgSO4), filtered, and the 
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solvent was removed with a rotary evaporator.  The product was purified by flash 
chromatography, eluting with the indicated solvent system to provide the pure !-hydroxy 
ketone. 
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2-(4-Chlorophenyl)-2-diethylphosphoryloxy-1-phenyl-ethanone (14a).  The title 
compound was prepared according to General Procedure B using 100 mg (0.41 mmol) of 
acyl phosphonate, 64.1 mg (0.45 mmol) of 4-chlorobenzaldehyde, 0.041 mmol of catalyst, 
and 2 mL Et2O.  After 20 min at 23 ˚C, the reaction was quenched and the product was 
purified by flash chromatography with 40% EtOAc/hexanes to afford 126 mg (80%) of the 
product as a cloudy oil.  Spectral data corresponds to that previously reported.4  Analytical 
data for the title compound:  1H NMR (400 MHz, CDCl3) # 7.91 (d, 2H, J = 7.6 Hz), 7.53 (t, 
1H, J = 7.6 Hz), 7.43 (d, 2H, J = 8.0 Hz), 7.41 (t, 2H, J = 8.0 Hz), 7.33 (d, 2H, J = 8.4 Hz), 
6.60 (d, 1H, J = 8.0 Hz), 4.24-4.06 (m, 2H), 4.01-3.85 (m, 2H), 1.32 (t, 3H, J = 7.2 Hz), 1.18 
(t, 3H, J = 7.2 Hz). 
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2-(4-Methoxyphenyl)-2-diethylphosphoryloxy-1-phenyl-ethanone (14b).  The title 
compound was prepared according to General Procedure B using 100 mg (0.41 mmol) of 
acyl phosphonate, 62 mg (0.45 mmol) of 4-methoxybenzaldehyde, 0.041 mmol of catalyst, 
and 2 mL Et2O.  After 60 min at 23 ˚C, the reaction was quenched and the product was 
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purified by flash chromatography with 40% EtOAc/hexanes to afford 133 mg (85%) of the 
product as a cloudy oil.  Spectral data corresponds to that previously reported.4  Analytical 
data for the title compound:  1H NMR (400 MHz, CDCl3) # 7.91 (d, 2H, J = 8 Hz), 7.50 (t, 
1H, J = 7.6 Hz), 6.87 (d, 2H, J = 8.8 Hz), 6.63 (d, 1H, J = 8 Hz), 4.24-4.14 (m, 2H), 3.96-
3.86 (m, 2H), 3.77 (s, 3H), 1.33 (t, 3H, J = 7.6 Hz), 1.16 (t, 3H, J = 7.2 Hz). 
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2-(2,3-Dimethoxyphenyl)-2-diethylphosphoryloxy-1-phenyl-ethanone (14c).  The 
title compound was prepared according to General Procedure B using 100 mg (0.41 mmol) of 
acyl phosphonate, 75.5 mg (0.45 mmol) of 2,3-dimethoxybenzaldehyde, 0.041 mmol of 
catalyst, and 2 mL Et2O.  After 30 min at 23 ˚C, the reaction was quenched and the product 
was purified by flash chromatography with 40% EtOAc/hexanes to afford 148 mg (88%) of 
the product as a cloudy oil.  Spectral data corresponds to that previously reported.11  
Analytical data for the title compound:  1H NMR (400 MHz, CDCl3) # 7.98 (d, 2H, J = 7.6 
Hz), 7.46 (t, 1H, J = 7.6 Hz), 7.36 (t, 2H, J = 7.6 Hz), 7.07 (d, 1H, J = 8.4 Hz), 7.05-6.98 (m, 
2H), 6.91-6.86 (m, 1H), 4.24 (qu, 2H, J = 7.2 Hz), 3.99 (s, 3H), 3.98 (qu, 2H, J = 7.2), 3.83 
(s, 3H), 1.34 (dt, 3H, J = 0.8, 7.2 Hz), 1.18 (dt, 3H, J = 0.8, 7.2 Hz). 
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2-(3,5-Dimethoxyphenyl)-2-diethylphosphoryloxy-1-phenyl-ethanone (14d).  The 
title compound was prepared according to General Procedure B using 100 mg (0.41 mmol) of 
acyl phosphonate, 75.5 mg (0.45 mmol) of 3,5-dimethoxybenzaldehyde, 0.041 mmol of 
catalyst, and 2 mL Et2O.  After 30 min at 23 ˚C, the reaction was quenched and the product 
was purified by flash chromatography with 40% EtOAc/hexanes to afford 157 mg (93%) of 
the product as a cloudy oil.  Spectral data corresponds to that previously reported.11  
Analytical data for the title compound:  1H NMR (400 MHz, CDCl3) # 7.94 (d, 2H, J = 7.6 
Hz), 7.51 (t, 1H, J = 7.2 Hz), 7.39 (d, 2H, J = 7.6 Hz), 6.63 (d, 2H, J = 2.4 Hz), 6.53 (d, 1H, J 
= 8.4 Hz), 6.40 (t, 1H, J = 2.4 Hz), 4.25-4.15 (m, 2H), 4.04-3.90 (m, 2H), 3.74 (s, 6H), 1.32 
(dt, 3H, J = 0.8, 7.2 Hz), 1.19 (dt, 3H, J = 0.8, 7.2 Hz). 
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2-Phenyl-2-diethylphosphoryloxy-1-phenyl-ethanone (14e).  The title compound 
was prepared according to General Procedure B using 100 mg (0.41 mmol) of acyl 
phosphonate, 48.1 mg (0.45 mmol) of benzaldehyde, 0.041 mmol of catalyst, and 2 mL Et2O.  
After 45 min at 23 ˚C, the reaction was quenched and the product was purified by flash 
chromatography with 40% EtOAc/hexanes to afford 126 mg (88%) of the product as a 
cloudy oil.  Spectral data corresponds to that previously reported.18 Analytical data for the 
 34 
title compound:  1H NMR (400 MHz, CDCl3) # 7.93 (d, 2H, J = 7.6 Hz), 7.53-7.45 (m, 3H), 
7.41-7.29 (m, 5H), 6.64 (d, 1H, J = 8.4 Hz), 4.25-4.10 (m, 2H), 3.98-3.85 (m, 2H), 1.32 (t, 
3H, J = 7.2 Hz), 1.14 (t, 3H, J = 7.2 Hz) 
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2-Phenyl-2-dimethylphosphoryloxy-1-(4-chlorophenyl)-ethanone (14f).  The title 
compound was prepared according to General Procedure B using 200 mg (0.80 mmol) of 
acyl phosphonate, 95 mg (0.88 mmol) of benzaldehyde, 0.08 mmol of catalyst, and 4 mL 
Et2O.  After 30 min at 23 ˚C, the reaction was quenched and the product was purified by 
flash chromatography with 40% EtOAc/hexanes to afford 154 mg (54%) of the product as a 
cloudy oil.  Analytical data for the title compound:  IR (thin film, cm-1) 1274, 1402, 1456, 
1493, 1572, 1589, 1701, 2856, 2956, 3062, 3456;  1H NMR (400 MHz, CDCl3) # 7.86 (d, 
2H, J = 8.4 Hz), 7.47 (dd, 2H, J = 7.8, 2.0 Hz), 7.41-7.34 (m, 5H), 6.58 (d, 1H, J = 7.6 Hz), 
3.84 (d, 3H, J = 11.2 Hz), 3.57 (d, 3H, J = 11.6 Hz);   13C NMR (100 MHz, CDCl3) # 192.4, 
140.2, 134.6 (d, JC-P = 5.5 Hz), 132.6, 130.5, 129.7, 129.4, 129.2, 129.1, 80.4 (d, JC-P = 4.8 
Hz), 54.9 (d, JC-P = 6.4 Hz), 54.4 (d, JC-P = 5.6 Hz); TLC (40% EtOAc/hexanes) Rf 0.15.  
Attempts to obtain acceptable combustion analysis were not successful.  See Supporting 
Information of reference 12 for 1H NMR spectrum.  
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2-Phenyl-2-dimethylphosphoryloxy-1-(4-methoxyphenyl)-ethanone (14g).  The 
title compound was prepared according to General Procedure B using 110 mg (0.45 mmol) of 
acyl phosphonate, 53 mg (0.50 mmol) of benzaldehyde, 0.045 mmol of catalyst, and 2 mL 
Et2O.  After 40 min at 23 ˚C, the reaction was quenched and the product was purified by 
flash chromatography with 50% EtOAc/hexanes to afford 139 mg (88%) of the product as a 
cloudy oil.  Analytical data for the title compound:  IR (thin film, cm-1) 1402, 1421, 1456, 
1495, 1514, 1573, 1600, 1693, 2582, 2854, 2958, 3010, 3033, 3062, 3477;  1H NMR (400 
MHz, CDCl3) # 7.92 (d, 2H, J = 8.8 Hz), 7.50 (dd, 2H, J = 8.0, 2.0 Hz), 7.39-7.31 (m, 3H), 
6.86 (d, 2H, J = 8.8 Hz), 6.61 (d, 1H, J = 7.6 Hz), 3.83 (d, 3H, J = 11.6 Hz), 3.81 (s, 3H), 
3.56 (d, 3H, J = 11.6 Hz);  13C NMR (100 MHz, CDCl3) # 191.8 (d, JC-P = 4.4 Hz), 164, 
135.3 (d, JC-P = 5.6 Hz), 131.4, 129.4, 129.2, 128.1, 127.2, 114, 80.1 (d, JC-P = 4.8 Hz), 54.8 
(d, JC-P = 6.0 Hz), 54.3 (d, JC-P = 6.0 Hz);  TLC (50% EtOAc/hexanes) Rf  0.13.  Attempts to 
obtain acceptable combustion analysis were not successful.  See Supporting Information of 
reference 12 for 1H NMR spectrum. 
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2-Napthyl-2-diethylphosphoryloxy-1-phenyl-ethanone (14h).  The title compound 
was prepared according to General Procedure B using 100 mg (0.41 mmol) of acyl 
phosphonate, 71 mg (0.45 mmol) of 2-napthaldehyde, 0.041 mmol of catalyst, and 2 mL 
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Et2O.  After 60 min at 0 ˚C, the reaction was quenched and the product was purified by flash 
chromatography with 50% EtOAc/hexanes to afford 123 mg (75%) of the product as a 
cloudy oil.  Analytical data for the title compound:  IR (thin film, cm-1) 1421, 1599, 1703, 
2308, 2914, 2985, 3057, 3444;  1H NMR (400 MHz, CDCl3) # 8.00-7.96 (m, 3H), 7.85-7.78 
(m, 3H), 7.59 (dd, 1H, J = 8.4, 1.6 Hz), 7.50-7.45 (m, 3H), 7.36 (t, 2H, J = 8.0 Hz), 6.82 (d, 
1H, J = 8.0 Hz), 4.28-4.15 (m, 2H), 3.97 (m, 2H), 1.33 (dt, 3H, J = 7.2, 1.2 Hz), 1.09 (dt, 3H, 
J = 7.2, 1.2 Hz);  13C NMR (100 MHz, CDCl3) # 193.8, 134.6, 133.6, 133.3, 132.4, 132.3, 
129.2, 129.1, 128.7, 128.4, 128.0, 127.8, 127.0, 126.7, 125.0, 80.4 (d, JC-P = 4.7 Hz), 64.4 (d, 
JC-P = 6.0 Hz), 64.1 (d, JC-P = 6.0 Hz), 16.1 (d, JC-P = 6.8 Hz), 15.9 (d, JC-P = 7.1 Hz);  TLC 
(50% EtOAc/hexanes) Rf  0.37.  Attempts to obtain acceptable combustion analysis were not 
successful.  See Supporting Information of reference 12 for 1H NMR spectrum. 
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2-Thienyl-2-diethylphosphoryloxy-1-phenyl-ethanone (14i).  The title compound 
was prepared according to General Procedure B using 100 mg (0.41 mmol) of acyl 
phosphonate, 51 mg (0.45 mmol) of thiophene-2-carbaldehyde, 0.041 mmol of catalyst, and 
2 mL Et2O.  After 30 min at 0 ˚C, the reaction was quenched and the product was purified by 
flash chromatography with 50% EtOAc/hexanes to afford 82 mg (56%) of the product as a 
cloudy oil.  Analytical data for the title compound:  1H NMR (400 MHz, CDCl3) # 7.98 (d, 
2H, J = 7.2 Hz), 7.54 (t, 1H, J = 7.6 Hz), 7.42 (t, 2H, J = 7.6 Hz), 7.37 (d, 1H, J = 5.2 Hz), 
7.18 (d, 1H, J = 2.8 Hz), 6.97 (dd, 1H, J = 5.2, 3.6 Hz), 6.91 (d, 1H, J = 8.0 Hz), 4.24-4.12 
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(m, 2H), 4.05-3.92 (m, 2H), 1.32 (t, 3H, J = 7.2 Hz), 1.20 (t, 3H, J = 7.2 Hz);   13C NMR 
(100 MHz, CDCl3) # 192.4 (d, JC-P = 4.8 Hz), 136.8 (d, JC-P = 6.3 Hz), 134.1, 133.9, 129.1, 
128.9, 128.8, 128.4, 127.4, 74.8 (d, JC-P = 4.8 Hz), 64.5 (d, JC-P = 6.4 Hz), 64.2 (d, JC-P = 6.0 
Hz), 16.0 (d, JC-P = 7.2 Hz), 15.9 (d, JC-P = 7.9 Hz);  TLC (50% EtOAc/hexanes) Rf   0.32.  
Attempts to obtain acceptable combustion analysis were not successful.  See Supporting 
Information of reference 12 for 1H NMR spectrum. 
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2-(4-Methylphenyl)-2-dimethylphosphoryloxy-1-(4-methoxyphenyl)-ethanone 
(14j).  The title compound was prepared according to General Procedure B using 100 mg 
(0.41 mmol) of acyl phosphonate, 54 mg (0.45 mmol) of 4-methylbenzaldehyde, 0.041 mmol 
of catalyst, and 2 mL Et2O.  After 25 min at 23 ˚C, the reaction was quenched and the 
product was purified by flash chromatography with 50% EtOAc/hexanes to afford 139 mg 
(88%) of the product as a cloudy oil.  Analytical data for the title compound:  IR (thin film, 
cm-1) 1461, 1514, 1576, 1601, 1691, 2856, 2958, 3058, 3444;  1H NMR (400 MHz, CDCl3) 
# 7.91 (d, 2H, J = 8.8 Hz), 7.38 (d, 2H, J = 8.0 Hz), 7.16 (d, J = 8.0 Hz), 6.85 (d, 2H, J = 8.8 
Hz), 6.59 (d, 1H, J = 8.0 Hz), 3.82 (d, 3H, J = 11.2 Hz), 3.79 (s, 3H), 3.56 (d, 3H, J = 11.2 
Hz), 2.30 (s, 3H);  13C NMR (100 MHz, CDCl3) # 191.8 (d, JC-P = 4.4 Hz), 163.8, 139.4, 
132.3 (d, JC-P = 5.8 Hz), 131.3, 129.8, 128.1, 127.2, 113.9, 80.0 (d, JC-P = 4.8 Hz), 55.4, 54.6 
(d, JC-P = 6.0 Hz), 54.2 (d, JC-P = 6.0 Hz), 21.2;  TLC (50% EtOAc/hexanes) Rf  0.23;  Anal. 
Calcd. for C18H21O6P: C, 59.34; H, 5.81.  Found: C, 59.59; H, 5.94. 
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O
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2-(2,3-Dimethoxyphenyl)-2-ethylthioether-1-phenyl-ethanone (15).  A flame dried 
25 mL round-bottom flask with a magnetic stir bar was charged with  5 mL of THF, 28 µL of 
ethanethiol (0.36 mmol, 1.0 eq), and 260 µL of 1.4 M butyllithium (0.36 mmol, 1.0 eq) at -78 
˚C under an inert atmosphere.  After stirring for 5 min, a solution of 150 mL phospha 
benzoin 4c (0.36 mmol, 1.0 equiv) in 5 mL THF was added via cannula.  Upon completion of 
the reaction (TLC analysis), 30 mL of Et2O and 10 mL H2O were added and the organic layer 
was washed twice with 30 mL of H2O.  The organic extracts were dried (MgSO4), filtered, 
and the solvent was removed with a rotary evaporator.  The product was purified by flash 
chromatography with 20% EtOAc/hexanes to afford 98 mg (84%) of the product as a cloudy 
oil.  Analytical data for the title compound:  IR (thin film, cm-1) 1479, 1596, 1681, 1992, 
2834, 2871, 2970, 3060, 3431;  1H NMR (400 MHz, CDCl3) # 8.02 (d, 2H, J = 7.2 Hz), 
7.50-7.47 (m, 1H), 7.39 (t, 2H, J = 7.6 Hz), 7.08 (dd, 1H, J = 8.0, 1.6 Hz), 7.01 (t, 1H, J = 8.0 
Hz), 6.83 (dd, 1H, J = 8.0, 1.6 Hz), 6.09 (s, 1H), 3.92 (s, 3H), 3.84 (s, 3H), 2.64-2.52 (m, 
2H), 1.25 (t, 3H, J = 7.2 Hz);  13C NMR (100 MHz, CDCl3) # 195.4, 152.6, 146.1, 136.0, 
133.2, 130.8, 128.8, 128.7, 124.3, 121.3, 112.1, 61.0, 55.8, 48.4, 26.0, 14.5;  TLC (20% 
EtOAc/hexanes) Rf  0.32;  Anal. Calcd. for C18H20O3S: C, 66.33; H, 6.37.  Found: C, 68.62; 
H, 6.37. 
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2-Hydroxy-2-(4-methoxyphenyl)-1-phenyl-ethanone (16b).  The title compound 
was prepared according to General Procedure C using 50 mg (0.13 mmol) of phospha 
benzoin and 2 mL diethyl amine/water (5:1 solution).  After 60 min at 0 ˚C, the reaction was 
quenched and the product was purified by flash chromatography with 20% EtOAc/hexanes to 
afford 20.4 mg (64%) of the product as a white solid.  Spectral data corresponds to that 
previously reported.19 Analytical data for the title compound:  1H NMR (300 MHz, CDCl3) # 
7.90 (d, J = 7.5 Hz, 2H), 7.51 (t, J = 7.5 Hz, 1H), 7.38 (t, J = 7.5 Hz, 2H), 7.25 (d, J = 8.7 Hz, 
2H), 6.84 (d, J = 8.4 Hz, 2H), 5.91 (d, J = 5.7 Hz, 1 H), 4.51 (d, J = 6.0, 1H), 3.74 (s, 3H). 
0 - 23 °CO
P
OEt
OEt
O
O
OH
O
HNEt2/H2O
MeO
OMe
MeO
OMe
 
2-Hydroxy-2-(2,3-dimethoxyphenyl)-1-phenyl-ethanone (16c).  The title 
compound was prepared according to General Procedure C using 112 mg (0.27 mmol) of 
phospha benzoin and 4 mL diethyl amine/water (5:1 solution).  After 60 min at 0 ˚C, the 
reaction was warmed to room temperature and stirred overnight.  After 12 hrs, the reaction 
was quenched and the product was purified by flash chromatography with 20% 
EtOAc/hexanes to afford 42 mg (56%) of the product as a white solid.  Spectral data 
corresponds to that previously reported.20 Analytical data for the title compound:  1H NMR 
(400 MHz, CDCl3) # 7.95 (d, 2H, J = 7.2 Hz), 7.48 (t, 1H, J = 7.6 Hz), 7.36 (t, 2H, J = 7.6 
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Hz), 7.00 (t, 1H, J = 7.6 Hz), 6.84 (dd, 1H, J = 8.4, 1.2 Hz), 6.76 (dd, 1H, J = 8.0, 1.2 Hz), 
6.20 (d, 1H, J = 5.6 Hz), 4.58 (d, 1H, J = 5.6 Hz), 3.93 (s, 3H), 3.84 (s, 3H). 
0 °CO
P
OEt
OEt
O
O
OH
O
HNEt2/H2O
 
2-Hydroxy-1,2-diphenyl-ethanone (16e).  The title compound was prepared 
according to General Procedure C using 90 mg (0.26 mmol) of phospha benzoin and 2 mL 
diethyl amine/water (5:1 solution).  After 60 min at 0 ˚C, the reaction was quenched and the 
product was purified by flash chromatography with 20% EtOAc/hexanes to afford 40 mg 
(74%) of the product as a white solid.  Spectral data corresponds to that previously 
reported.21 Analytical data for the title compound:  1H NMR (300 MHz, CDCl3) # 7.92 (d, 
2H, J = 7.8 Hz), 7.52 (t, 1H, J = 7.8 Hz), 7.40 (t, 2H, J = 7.5 Hz), 7.34-7.24 (m, 5H), 5.96 (d, 
1H, J = 6.0 Hz), 4.56 (d, 1H, J = 6.0 Hz). 
SiEt3
O
H
O
BuLi, THF, 23 °C
1.)
2.) HCl/MeOH
+
OH
O
82% ee
O
P
OO
O
PhPh
PhPh
O
H
 
(-)-2-Hydroxy-1,2-diphenyl-ethanone (16e).  The title compound was prepared 
according to a previous report.16  The product was afforded in 80% yield and 82% ee as 
determined by CSP-SFC analysis ((S,S)-Whelk-O1, 1.5% MeOH, 2.0 mL/min, 200 psi, 40 
˚C, 240 nm, tr-major 7.6 min, tr-minor 14.7 min).   
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82% ee
82% ee  
2-Phenyl-2-diethylphosphoryloxy-1-phenyl-ethanone (14e).  The title compound 
was prepared according to a previous report.10  The product was afforded in 53% yield and 
82% ee as determined by CSP-SFC analysis ((S,S)-Whelk-O1, 5.0% MeOH, 2.0 mL/min, 
200 psi, 40 ˚C, 240 nm, tr-major 8.7 min, tr-minor 7.5 min).   
-10 °CO
P
OEt
OEt
O
O
OH
O
HNEt2/H2O
82% ee
70% ee
 
(-)-2-Hydroxy-1,2-diphenyl-ethanone (16e).  A 25 mL round-bottom flask with a 
magnetic stir bar was charged with enantioenriched phosphabenzoin (0.26 mmol) and purged 
with Ar.  The flask was cooled to -10 ˚C, and a solution of freshly distilled diethyl amine and 
degassed water (9:1 mixture) cooled to the same temperature was added and stirred under an 
inert atmosphere.  After 60 min at -10 ˚C, the reaction was quenched and the product was 
purified by flash chromatography with 20% EtOAc/hexanes to afford 16.5 mg (76%) of the 
product in 70% ee as determined by CSP-SFC analysis ((S,S)-Whelk-O1, 1.5% MeOH, 2.0 
mL/min, 200 psi, 40 ˚C, 240 nm, tr-major 7.6 min, tr-minor 14.7 min). 
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CHAPTER 3 
CONJUGATE ADDITION/IRELAND-CLAISEN REARRANGEMENT OF ALLYL 
FUMARATES 
3.1  Introduction 
Recent work from the Johnson research group has focused on the stereoselective synthesis 
of unsymmetrical 1,4-dicarbonyl compounds.
1
 Chapter 3 documents efforts toward 
expanding the synthesis of 1,4-dicarbonyls into a tandem process that achieves more 
complex structural motifs in a single pot.  The above-referenced results from the Johnson lab 
are in the same vein as the reactions presented in Chapters 1 and 2 in that they utilize 
catalytically generated acyl anions for conjugate addition to Michael acceptors.  In Chapter 3, 
progress toward a conjugate addition reaction with a subsequent C!C bond forming event 
utilizing the in situ generated enolate, specifically a [3,3]-rearrangement, will be presented.  
This work involved the examination of several acyl anion equivalents in conjugate additions 
to Michael acceptors.  Ultimately, an alternative reaction to achieve the same molecular 
connectivity was designed and implemented utilizing organometallic nucleophiles for the 
conjugate addition to diallyl fumarates and subsequent Ireland-Claisen rearrangement.  This 
work will be organized and presented according to the order that the ideas were devised and 
developed. 
Multicomponent couplings initiated by conjugate addition and terminated by electrophilic 
trapping of the resulting enolate are classic complexity-building reactions that exploit the 
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latent nucleophilic character of the "-carbon in Michael acceptors.2,3 Conjugate 
addition/[3,3]-rearrangement reactions represent an important subcategory of these tandem 
processes.  Scheme 3-1 demonstrates two general approaches to achieve 2,3-disubstituted-
1,4-dicarbonyl compounds.  Equation 1 in Scheme 3-1 depicts the disconnection of 1a to 
electrophile R
3
(+) and the enolate intermediate 1b generated from the conjugate addition of 
an acyl anion to Michael acceptor 2.   
Scheme 3-1.  Tandem Reaction Disconnections 
R2 X
O
R1 O
R3
X
O
R3
R1
O
R1 = X = O-allyl
R2 X
O
R1 O
R3
R2 X
O
R1 O
R3
R2 X
O
R3
OR1
R2
1a 1b
2
1a 1b
(1)
(2)
X
O
R3
R1
O
R2
1c
 
The same structural motif can be envisioned simply by different C!C bond disconnections 
as shown in eq 2.  Intermediate 1b is the same, but is derived from the conjugate addition of 
an organometallic nucleophile, particularly a Grignard reagent or a dialkylzinc reagent, to a 
fumarate or maleate.  We will demostrate that when X = O-allyl, it will allow a [3,3]-
rearrangement of the in situ enolate 1b (Scheme 3-2).  The key difference is the use of R
2
(!) 
as the nucleophile as opposed to an acyl anion, and a symmetrical diallyl fumarate 3a as the 
Michael acceptor with R
1
 and X as equivalent allyl fragments. 
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Scheme 3-2.  Proposed Tandem Conjugate Addition/[3,3]-Rearrangement 
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3.2.1 Tandem Conjugate Addition of Acyl Silanes/[3,3]-Rearrangement.  Background 
 
Degl’Innocenti and coworkers have reported the M!CN catalyzed conjugate addition of acyl 
silanes to ",#-unsaturated esters4 and Ma and coworkers reported an enantioselective tandem 
conjugate addition/electrophilic trap.
2
  Further reports from Kuwajima
5
 and Olsson
6
 show the 
trapped silylketene acetal from a conjugate addition to an allyl crotonate derivative in the 
presence of TMSCl can subsequently undergo an Ireland-Claisen rearrangement.
7
 We 
hypothesized that the conjugate addition reported by Degl’Innocenti could be applied in 
tandem with an electrophilic trapping to achieve the process shown in Scheme 3-3.  A report 
from the Johnson lab described the metallophosphite-catalyzed addition of acyl silanes to 
",#-unsaturated amides,1a where the terminating silyl-transfer occurs on the "-carbon, 
forming an "-silyl carbonyl instead of the predicted silyl-protected enolate (Scheme 3-4).  
Scheme 3-3.  Proposed Tandem Conjugate Addition/Electrophilic Trap of Enolate 
X = O,N
Ar SiR3
O
R2 XR1
O
1.) MCN or
metallophosphite
R2 XR1
O
Ar O
R2 XR1
OSiR3
Ar O
+
2.) E+
E
E+
4
2
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An "-silyl carbonyl moiety of this type is reported to isomerize to the desired O-silyl enolate 
under thermal or metal-catalyzed conditions,
8
 which would set up a desirable intermediate 
for an aza-Claisen rearrangement
9
 if an N,N-diallyl amide were employed.   
Scheme 3-4.  Proposed Tandem Conjugate Addition/Silyl-Transfer/Aza-Claisen 
Rearrangement  
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3.2.2 Tandem Conjugate Addition of Acyl Silanes/[3,3]-Rearrangement.  Results and 
Discussion 
 
Initial attempts in the tandem reaction were made by applying the the concepts reported by 
Degl’Innocenti, particularly with benzoyl trimethylsilane as the nucleophile, allyl crotonate 
as the electrophile, and a variety of M!CN catalysts.  All attempts at the conjugate addition 
failed, yielding minimal addition product and recovered starting material.  Several catalysts 
were attempted, including KCN with a variety of phase-transfer catalysts and 
tetrabutylammonium cyanide (TBACN).  A competing pathway occurred with the TBACN, 
giving conjugate addition of the 
–
CN to the Michael acceptor.  It should also be stated that 
there was no [3,3]-rearrangement in any case. 
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The conjugate addition of acyl silane 4a to ",#-unsaturated amide 2a was successful, 
achieving an 86% yield of "-triethylsilyl, $-ketoamide 5a.  A variety of conditions were 
applied to isomerize "-triethylsilyl amide 5a to silylketene aminal 5b for subsequent [3,3]-
aza-Claisen rearrangment.  A respresentative list of attempted conditions follows:  heating at 
200 °C, microwave irradiation, treating with Hg(II), Cu(II), Mg(II), Sn(II), and Zn(II), and 
treating with TMSCl, TMSOTf, and TBAT.  No reaction produced desired products.  
Starting material was recovered in most cases and the desilylated $-ketoamide was the only 
recognizable byproduct. 
3.3.1 Tandem Conjugate Addition of Metallo-aldimines/[3,3]-Rearrangement. 
Background 
 
There are reports using in situ generated stoichiometric acyl anion equivalents as 
nucleophilic partners.  Metallo-aldimines (6b) can be generated from the addition of a 
Grignard reagent or an alkyllithium to an isonitrile (6a),
10
 which could be applied to the 
tandem reaction as an acyl anion equivalent. Walborsky and coworkers reported acyllithium 
reagents 6b as nucleophiles that can be trapped with D2O or CO2 (Scheme 3-5).  They can 
also be used in additions to  
Scheme 3-5.  Metallo-aldimines for Conjugate Addition/[3,3]-Rearrangement 
R
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aryl aldehydes.  The free ketone can be revealed from simple hydrolysis.  Given the reported 
nucleophilicity, it was projected that these metallo-aldimines could be utilized for a 
conjugate addition, likely under copper catalysis, to generate the desired enolate 
intermediate.  If a Michael acceptor such as 2a is applied, the enolate can be trapped with 
TMSCl to facilitate the [3,3]-rearrangement and achieve the substituted $-ketoacid.7  
3.3.2 Tandem Conjugate Addition of Metallo-aldimines/[3,3]-Rearrangement.  Results 
and Discussion 
 
Utilizing lithio-aldimines and arylimido-magnesium reagents generated from the addition 
of organometallic reagents to isonitriles (Scheme 3-5) yielded no conjugate addition to allyl 
crotonate with a variety of copper sources.  It has been reported extensively that the addition 
of butyllithium to isonitriles to form the lithio-aldimine is quite facile, so it seemed that the 
conjugate addition is the problematic step.  This process was abandoned to explore another 
stoichiometric acyl anion equivalent. 
3.4.1 Tandem Conjugate Addition of Azo-Anions/[3,3]-Rearrangement.  Background 
 
A secondary hydrazone 7a can be deprotonated with butyllithium to give an azo-anion 
7b,
11
 which is a masked acyl anion.  Azo-anions have been reported as a productive 
nucleophilic partner for addition to ketones and conjugate additions without the need for a 
copper catalyst (Scheme 3-6).  It seemed plausible, with a conjugate acceptor such as an allyl 
ester or amide, that an azo-anion could be employed for the tandem addition/[3,3]-
rearrangement.  Given the fact that silylated enolate rearranges more rapidly than the free 
enolate, the reaction could be done in the presence of TMSCl to facilitate the rearrangement. 
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Scheme 3-6.  Azo-Anions for Conjugate Addition/[3,3]-Rearrangement 
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3.4.2 Tandem Conjugate Addition of Azo-Anions/[3,3]-Rearrangement.  Results and 
Discussion 
 
The azo-anion (Scheme 3-6), derived from deprotonation of tert-butylhydrazone 7a, 
undergoes successful conjugate addition to allyl crotonate 2a in high yields.  Unfortunately, 
no [3,3]-rearrangement was observed under a variety of conditions, including the presence of 
stoichiometric TMSCl and heating.  After revisiting a report by Baldwin and coworkers, it is 
presented that hydrazones will undergo thermal conjugate addition to crotonates and 
nitroalkenes without the need for base.  It is therefore postulated that the enolate generated 
from the conjugate addition is protonated intramolecularly by the proton adjacent to the diazo 
moiety regenerating the azo-anion and quenching the reactive site of the intermediate 
necessary for the subsequent [3,3]-rearrangement.   
3.5.1 Conjugate Addition to Allyl Fumarates with Organometallics and Subsequent 
[3,3]-Rearrangement.  Background 
 
Sections 3.2 through 3.4 depict the attempts using acyl anion equivalents to achieve 
substituted unsymmetrical 1,4-dicarbonyl compounds through conjugate addition and 
subsequent enolate reactivity.  All of these efforts proved unproductive in developing a 
tandem reaction.  Revisiting Scheme 3-1 and evaluating the connectivity of the desired 
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product, it was proposed to alter the approach and try to achieve the desired structure by 
forming a different C!C bond in the initial step.  This led to the development of a carbon 
nucleophile for conjugate addition, namely organometallic reagents and their application to 
the conjugate addition to allyl fumarates or maleates. 
The conjugate addition of nonstabilized organometallic nucleophiles to ",#-unsaturated 
carbonyls is a staple of organic synthesis, but the fumarate and maleate electrophile subclass 
in this reaction family has received scant attention relative to simple enones and enoates.  
The comparative lack of research activity is surprising since maleic and fumaric acid 
derivatives represent inexpensive progenitors to functionalized succinic acids, however 
notable advances in this area have been reported.  Ibuka and coworkers disclosed 
organocopper(I)-Lewis acid additions to fumarate esters that afforded good yields of the 
addition products; however, olefin reduction was a competing reaction pathway.
12
 Hayashi 
and coworkers have reported enantioselective rhodium-catalyzed 1,4-additions of arylboronic 
acids to fumarates and maleates.
13
 While these examples provide useful conjugate adducts, a 
nonobvious feature of the reported additions is that the carbonyls in the products are still 
functionally equivalent and therefore challenging to distinguish.   
Conjugate addition/[3,3]-rearrangement reactions represent an important subcategory of 
these tandem processes.
14,15
 It was envisioned that by using an allyl fumarate as the conjugate 
acceptor with an organometallic nucleophile, the metal enolate or derived silylketene acetal 
generated in situ would undergo a subsequent ester enolate Claisen rearrangement.
16
 In 
accord with precedent, the use of a chlorotrialkylsilane was projected to both accelerate the 
conjugate addition and generate the requisite silylketene acetal (Scheme 3-7).
16 
 A defining 
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characteristic of this reaction is chemodifferentiation of the two carbonyls that can be 
exploited in further selective manipulations.   
Scheme 3-7.  Tandem Conjugate Addition of Organometallic/Ireland-Claisen Rearrangement 
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3.5.2 Conjugate Addition to Allyl Fumarates with Organometallics and Subsequent 
[3,3]-Rearrangement.  Background 
 
The first step in developing the tandem process for conjugate addition to diallylfumarates 
was to evaluate organometallic nucleophiles.  For the purpose of the initial screen, only the 
1,4-addition was examined.  The two catalysts utilized were the commercially available 
CuBr•SMe2 and easily synthesized bis-(N-t-butylsalicylideneaminato)copper(II), hereafter 
referred to as Cu(N
t
Bu•sal)2.
17
 
The Cu(N
t
Bu•sal)2-catalyzed addition of ethylmagnesium bromide led to the desired 1,4-
addition product along with products derived from 1,2-addition and SN2% displacement 
(Table 3-1, entry 1).  The conjugate addition of ethylmagnesium bromide also proceeds in 
the absence of copper (entry 2).  An alternative organometallic reagent, diethylzinc is 
considerably less reactive in THF (entry 3), but simply switching solvents to diethyl ether 
provides clean conjugate addition in 90 minutes (entries 4,5).
18
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Table 3-1.  Initial Results of Conjugate Addition to Diallyl Fumarate 
O
O
O
O
O
O
O
O
1.) Et-M, Cu cat.
     solvent, TMSCl
     - 78 °C, 1.5 h
2.) aq HCl  
Entry Et–M Solvent Catalyst Results
a
 
1 EtMgBr THF Cu(N
t
Bu•sal)2 Mix of products
b
 
2 EtMgBr THF None 85% conversion 
3 Et2Zn THF Cu(N
t
Bu•sal)2 12% conv. 
4 Et2Zn Et2O Cu(N
t
Bu•sal)2 100% conv. 
5 Et2Zn Et2O CuBr•SMe2 100% conv. 
6
c
 Et2Zn Et2O Cu(N
t
Bu•sal)2 74% conv. 
7 Et2Zn Et2O None 80% conv. 
8
c
 Et2Zn Et2O None 60% conv. 
a) Conversion determined by 
1
H NMR spectroscopy.  b) Undetermined mixture of 1,4-
addition, 1,2-addition, and SN2%.  c) Reaction conducted without TMSCl. 
 
The desired addition proceeds in the absence of TMSCl and copper additives (entries 6-8), 
although with decreased efficiency.  The observation of uncatalyzed addition using Et2Zn, 
even at low temperature, dramatically highlights the difference in reactivity between 
fumarates and simple enoates.  The identity of the copper source was inconsequential to the 
progress of the reaction.   
Upon heating of the reaction mixture, the presumed silylketene acetal intermediate 
underwent Ireland-Claisen rearrangement.  The carboxylic acid product was esterified with 
dimethyl sulfate and potassium carbonate in acetone for ease of characterization.  With the 
optimized conditions identified, the scope of the reaction was explored (Table 3-2).
18
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The addition of diethylzinc (1.0 M in diethyl ether) to diallyl fumarate and subsequent 
rearrangement provides the disubstituted unsymmetrical succinate product in good yield and 
diastereocontrol (entry 1).  Diprenyl fumarate is also an effective reaction partner (entry 2), 
with SN2% displacement as a competitive process that slightly decreases the yield.  The 
diastereoselectivity is eroded when a bulkier nucleophile, diisopropylzinc, (1.0 M in toluene) 
is used (entry 3).   
Table 3-2.  Scope of Tandem Conjugate Addition/Ireland-Claisen Rearrangement 
O
O
O
O
R1
R2
R1
R2
O
O
R1
R2
R
CO2Me
R2R1
1.) 1.2 equiv R2Zn
     5 mol % Cu cat.
     1.5 equiv TMSCl
Et2O, -78 °C, 1.5-2 h;
then reflux, 12-24 h
2.) Me2SO4 (1.1 equiv)
     K2CO3, (1.1 equiv),
     acetone, 3 h  
Entry R2Zn Substrate Product Yield (d.r.)
 a
 
1 Et2Zn 17a (R
1
, R
2 
= H) 
O
O CO2Me18a  
83% (9:1) 
2 Et2Zn 17b (R
1
, R
2
 = Me) 
O
O CO2Me18b  
68% (7.5:1) 
3 
i
Pr2Zn 17a (R
1
, R
2 
= H) 
O
O CO2Me18c  
70% (4.9:1) 
4 Bu2Zn
b
 17a (R
1
, R
2 
= H) 
O
O CO2Me18d  
88% (4.5:1) 
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5 Bu2Zn
b
 17a (R
1
, R
2 
= Me) 
O
O CO2Me18e  
63% (2:1) 
6 Et2Zn 17c (R
1 
= Me, R
2
 = H) 
O
O CO2Me18f  
75% (mix) 
7 Et2Zn 17d (R
1
 = H, R
2
 = Pr) 
O
O CO2Me
18g  
78% (mix) 
a) Yield of isolated products purified by column chromatography.  b)
 
1.5 equiv of Bu2Zn 
(generated from 3.0 equiv of n-BuLi and 1.5 equiv of ZnCl2 in Et2O), 4.0 equiv of TMSCl. 
 
Other diorganozinc reagents were prepared via transmetalation.  By using n-butyllithium 
and ZnCl2 to generate Bu2Zn·(LiCl)2 in situ, the desired addition and subsequent 
rearrangement was accomplished.  The addition of Bu2Zn·(LiCl)2 to both diallyl and diprenyl 
fumarates proceeded in good yield, although with decreased diastereoselectivity (entry 4, 5).  
The reagent Bu2Zn·(MgX2)2 gave rise to the desired 1,4-addition, but with little or no 
rearrangement observed.  It is conceivable that the magnesium salts inhibit the enolate 
silylation that is required for the [3,3]-rearrangement.  The addition of Et2Zn to either a cis 
(entry 7) or trans (entry 6) substituted allyl fumarate proceeds in good yield, but gives an 
intractable mixture of diastereomers. 
The monocarboxylic acid derived from addition of diethylzinc to diallyl fumarate 17a was 
transformed in two steps to the crystalline secondary amide 19.  Its structure was ascertained 
via X-ray crystallography.  The structure found in Scheme 3-8 reveals the anti disposition of 
the ethyl and allyl moieties on the succinate backbone.  A stereochemical model consistent 
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with this observation supposes that addition to the favored s-trans conformation of the enoate 
Scheme 3-8.  X-ray Crystal Structure for Relative Stereochemistry Determination 
O
O
O
O
1.) Et2Zn, TMSCl
     cat. Cu(NtBu•sal)2
     Et2O, - 78 °C ! reflux
2.) SOCl2, 23 °C
3.) PhNH2, CH2Cl2, 23 °C
O
O
O
Et
NHPh
(19)
75%  
 
occurs to give an (E)-enolate intermediate.
19
 In a relevant study, Blanco and coworkers 
reported that conjugate addition to the s-trans conformation of an ",#-unsaturated enoate led 
to the E-silylketene acetal geometry upon trapping with chlorotrimethylsilane.
16
  A transition 
structure for the sigmatropic rearrangement that minimizes allylic strain and involves 
approach of the allyl moiety syn to the ester group has been previously invoked by Martin 
and coworkers in their study of Ireland-Claisen rearrangements of substituted succinates 
(Scheme 3-9).
20 
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Scheme 3-9.  Proposed Transition State of Ireland-Claisen Rearrangement 
O
O
OSiMe3
O
O
OSiMe3
H
Et
O2C
O
OSiMe3
H
Et
O2C
O
OSiMe3
H
Et
O2C
HH
O
O
O
OSiMe3
 
The desymmetrized succinate products are useful due to the presence of several 
distinguishable functional handles that allow for further synthetic manipulation.  Subjecting 
the carboxylic acid intermediate to N-bromosuccinimide
21
 in the presence of a weak base 
gave efficient bromolactonization yielding the $-lactone 20 (Scheme 3-10) in 80% yield and 
9:1 diastereoselection.  The diastereomer ratio is preserved from the initial 
addition/sigmatropic rearrangement, indicating that the cyclization proceeds with complete 
diastereoselectivity. 
Scheme 3-10.  Site-Selective Bromolactonization 
O
O
O
O
O
O1.) Et2Zn
Cu(NtBu•sal)2, TMSCl
Et2O, -78 °C to reflux
2.) NBS, NaHCO3
CH2Cl2, 23 °C O
O
Br
(20)
80%  9:1 d.r.  
Alternatively, the carboxylic acid can be employed in a Curtius rearrangement to furnish  
#-amino ester 21 with diphenylphosphoryl azide, benzyl alcohol and triethylamine (Scheme 
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3-11).
22
 No purification of the intermediate acid was performed for either the 
bromolactonization or Curtius rearrangement.  The amide formed with the tandem-reaction  
Scheme 3-11.  Curtius Rearrangement to a #-Amino Ester 
O
O
O
O
O
O
1.) Et2Zn
Cu(NtBu•sal)2, TMSCl
Et2O, -78 °C to reflux
2.) (PhO)2P(O)N3, BnOH,
Et3N, CH2Cl2, reflux
N
H
O
O
67%
(21)
 
product and (S)-phenylethylamine using DCC
23
 gives a secondary amide as a 1:1 mixture of 
diastereomers (Scheme 3-12).  The diastereotopic methyl groups are clearly distinguishable 
by 
1
H NMR spectroscopy (& 0.87 vs 0.78, CDCl3), which allows this simple derivative to be 
used for assaying enantioselective variants.  Efforts to this end employing methods 
developed by Feringa
24,25
 and others have provided no enantiomeric enrichment to date.  An  
Scheme 3-12.  DCC Coupling of Carboxylic Acid and Amine 
O
O
O
O
O
O
1.) Et2Zn
Cu(NtBu•sal)2, TMSCl
Et2O, -78 °C to reflux
2.)  DCC, DMAP
(S)-1-phenylethylamine
CH2Cl2, 23 °C
H
N
O
(22)
70%  
example of an attempt with a chiral phosphoramadite ligand similar to a phosphite developed 
in the Johnson lab
1b
 is shown in Scheme 3-13.  The significant uncatalyzed background rate 
is almost certainly a complication in these efforts.  To achieve an enantioselective variant, a 
substantially less reactive nucleophile will need to be incorporated into this tandem sequence 
to suppress the background addition of the achiral nucleophile. 
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Scheme 3-13.  Example Using a Chiral Catalyst 
O
O
O
O
O
O
Et2Zn, CuBr•SMe2, TMSCl
Et2O, -78 °C to reflux
2.)  DCC, DMAP
(S)-1-phenylethylamine
CH2Cl2, 23 °C
H
N
O
(22)
0% ee
O
P
OO
O
iPr
Ph
Ph
N
Ph
Ph
1.)
 
3.6  Conclusions 
In summary, a tandem conjugate addition/Ireland-Claisen rearrangement of dialkylzinc 
reagents and allyl fumarates was developed in good to excellent yields giving substituted 
succinate products.  The reaction renders the two carboxyl groups nonequivalent; 
consequently, the products can be selectively manipulated in subsequent synthetic operations.  
This reaction deviates from the general theme of using acyl anions, but achieves the same 
products through an alternative method.  The distinguishable carbonyl functional handles can 
be selectively manipulated, providing a succinate derivate with more utility. 
3.7  Experimental 
Materials and Methods: General.  Infrared (IR) spectra were obtained using a 
Nicolet 560-E.S.P. infrared spectrometer.  Proton and carbon nuclear magnetic resonance 
spectra (
1
H and 
13
C NMR) were recorded on the following instruments: Bruker model 
Avance 400 (
1
H NMR at 400 MHz and 
13
C NMR at 100 MHz) and Varian Gemini 300 (
1
H 
NMR at 300 MHz and 
13
C at 75 MHz) spectrometers with solvent resonance as the internal 
standard (
1
H NMR: CDCl3 at 7.23 ppm and 
13
C NMR: CDCl3 at 77.0 ppm).  
1
H NMR data 
are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = 
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quartet, sep = septet, m = multiplet), coupling constants (Hz), and integration.  Enantiomeric 
excesses were obtained using a Berger Supercritical Fluid Chromatograph model FCM 
1100/1200 equipped with an Agilent 1100 series UV-Vis detector using one of the three 
following chiral HPLC columns: Chiralcel Chiralpak AD or OD columns or a Regis Pirkle 
Whelk-O 1 column. Samples were eluted with SFC grade CO2 and the indicated percentage 
of MeOH.  Combustion analyses were performed by Atlantic Microlab Inc., Norcross, GA.  
Analytical thin layer chromatography (TLC) was performed on Whatman 0.25 mm silica gel 
60 plates.  Visualization was accomplished with UV light and aqueous ceric ammonium 
nitrate molybdate solution followed by heating.  Purification of the reaction products was 
carried out by flash chromatography using Silicycle silica gel 60 (40-63 µm).  All reactions 
were carried out with magnetic stirring.  Yield refers to isolated yield of analytically pure 
material.  Yields are reported for a specific experiment and as a result may differ slightly 
from those found in the tables, which are averages of at least two experiments.  
Tetrahydrofuran, diethyl ether, and dichloromethane were dried by passage through a column 
of neutral alumina under nitrogen prior to use.  Unless otherwise noted, reagents were 
obtained from commercial sources and used without further purification. 
General Procedure (A) for the preparation of fumarates.  A flame-dried 100 mL 
2-neck round-bottomed flask equipped with a magnetic stir bar and addition funnel was 
charged with 6.54 mmol fumaroyl chloride and 20 mL of CH2Cl2 under argon and the flask 
was cooled to 0 ˚C.  After 15 min, a solution of triethylamine (13.08 mmol, 2.0 equiv) and 
alcohol (13.73 mmol, 2.1 equiv) in 20 mL of CH2Cl2 was added via addition funnel.  The 
solution was stirred for 15 min at the same temperature, then warmed to 23 ˚C.  After stirring 
for 60 min, 50 mL of CH2Cl2 was added and the organic layer was washed with 30 mL of 1 
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M HCl, 30 mL of H2O, and 30 mL of brine.  The organic extracts were dried (MgSO4), 
filtered, and the solvent was removed with a rotary evaporator.  The crude product was 
purified by flash chromatography, eluting with the indicated solvent system to afford the pure 
diallyl fumarate. 
Cl
O
O
Cl
O
O
O
O
OH
Et3N, CH2Cl2
0 °C to 23 °C
 
Diallyl fumarate (17a).  The title compound was prepared according to General 
Procedure A using 0.71 mL (6.54 mmol) of fumaroyl chloride, 1.84 mL (13.08 mmol) of 
triethylamine, and 0.94 mL (13.73 mmol) of allyl alcohol to yield 1.10 g (86%) of the diallyl 
fumarate as a clear oil after flash chromatography with 10% EtOAc/hexanes.  Analytical data 
for the title compound:  IR (thin film, cm
-1
) 3085, 3024, 2986, 2946, 2886, 1872, 1728, 1648, 
1547, 1450;  
1
H NMR (400 MHz, CDCl3) & 6.84 (s, 2H), 5.94-5.83 (m, 2H), 5.30 (d, J = 
17.2 Hz, 2H), 5.22 (d, J = 10.4 Hz, 2H), 4.65 (d, J = 5.6 Hz, 4H);  
13
C NMR (100 MHz, 
CDCl3) & 164.4, 133.6, 131.5, 118.7, 65.8;  Attempts to obtain acceptable combustion 
analysis were not successful.  See Supporting Information of Reference 19 for 
1
H NMR 
spectrum. 
Cl
O
O
Cl
O
O
O
O
OH
Et3N, CH2Cl2
0 °C to 23 °C
 
Diprenyl fumarate (17b).  The title compound was prepared according to General 
Procedure A using 0.71 mL (6.54 mmol) of fumaroyl chloride, 1.84 mL (13.08 mmol) of 
triethylamine, and 1.34 mL (13.73 mmol) of prenyl alcohol to yield 1.52 g (92%) of the 
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diprenyl fumarate as a white solid after flash chromatography with 10% EtOAc/hexanes.  
Analytical data for the title compound:  mp: 55-56 ˚C;  IR (thin film, cm
-1
) 3056, 2985, 2939, 
2915, 2307, 1719, 1675, 1645, 1445, 1422;  
1
H NMR (400 MHz, CDCl3) & 6.84 (s, 2H), 
5.39-5.33 (m, 2H), 4.68 (d, J = 6.4 Hz, 4H), 1.76 (s, 6H), 1.72 (s, 6H);  
13
C NMR (100 MHz, 
CDCl3) & 165.2, 140.1, 133.8, 118.1, 62.3, 25.9, 18.2;  Anal. Calculated for C14H20O4: C, 
66.65; H, 7.99.  Found: C, 66.93; H, 8.17. 
Cl
O
O
Cl
O
O
O
O
OH
Et3N, CH2Cl2
0 °C to 23 °C
 
Di(E)-but-2-enyl fumarate (17c).  The title compound was prepared according to 
General Procedure A using 0.71 mL (6.54 mmol) of fumaroyl chloride, 1.84 mL (13.08 
mmol) of triethylamine, and 1.17 mL (13.73 mmol) of crotyl alcohol to yield 0.92 g (63%) of 
the dibutenyl fumarate as a clear liquid after flash chromatography with 7.5% 
EtOAc/hexanes.  Analytical data for the title compound:  IR (thin film, cm
-1
) 3028, 2943, 
2921, 2890, 2858, 1722, 1678, 1645, 1595;  
1
H NMR (400 MHz, CDCl3) & 6.85 (s, 2H), 
5.92-5.75 (m, 2H), 5.68-5.52 (m, 2H), 4.61 (d, J = 6.6 Hz, 4H), 1.72 (d, J = 6. 0 Hz, 6H);  
13
C NMR (100 MHz, CDCl3) & 164.7, 133.6, 132.1, 65.9, 17.7;  Anal. Calculated for 
C12H16O4: C, 64.27; H, 7.19.  Found: C, 64.54; H, 7.34. 
Cl
O
O
Cl
O
O
O
O
OH
Et3N, CH2Cl2
0 °C to 23 °C
 
Di(Z)-hex-2-enyl fumarate (17d).  The title compound was prepared according to 
General Procedure A using 0.71 mL (6.54 mmol) of fumaroyl chloride, 1.84 mL (13.08 
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mmol) of triethylamine, and 1.62 mL (13.73 mmol) of (Z)-2-hexen-1-ol to yield 1.29 g (70%) 
of the dihexenyl fumarate as a clear liquid after flash chromatography with 7.5% 
EtOAc/hexanes.  Analytical data for the title compound:  IR (thin film, cm
-1
) 3076, 3027, 
2962, 2934, 2874, 1728, 1646, 1458;  
1
H NMR (400 MHz, CDCl3) & 6.84 (s, 2H), 5.70-5.62 
(m, 2H), 5.60-5.48 (m, 2H), 4.73 (d, J = 6.8 Hz, 4H), 2.08 (q, J = 7.2 Hz, 4H), 1.39 (sextet, J 
= 7.2 Hz, 4H), 0.89 (t, J = 7.2 Hz, 6H);  
13
C NMR (100 MHz, CDCl3) & 164.9, 136.0, 133.7, 
122.9, 61.2, 29.6, 22.7, 13.6;  Anal. Calculated for C16H24O4: C, 68.54; H, 8.63.  Found: C, 
68.75; H, 8.77. 
General Procedure (B) for the reaction of dialkylzinc with fumarates.  A flame-
dried 25 mL round-bottomed flask equipped with a stirbar was charged with 0.51 mmol of 
fumarate and copper catalyst (0.03 mmol, 0.05 equiv). The flask was sealed with a septum 
and purged with argon.  Et2O (5 mL) was added and cooled to -78 ˚C.  After 15 min, 
trimethylsilyl chloride (0.77 mmol, 1.5 equiv) was added, followed by dialkylzinc solution 
(0.61 mmol, 1.2 equiv). This was stirred at the same temperature for 90-120 min and warmed 
to 23 ˚C.  A reflux condenser was attached and the reaction was heated at reflux for 12-24 h.  
The reaction was cooled and quenched with 10 mL of 1 M HCl.  The aqueous layer was 
extracted with three 10 mL portions of Et2O.  The organic extracts were combined and 
washed once with brine.  The organic extracts were dried (MgSO4), filtered, and the solvent 
was removed with a rotary evaporator.  The crude product mixture was dissolved in 
unpurified acetone in a 25 mL round-bottomed flask and Me2SO4 (0.61 mmol, 1.2 equiv) and 
K2CO3 (0.61 mmol, 1.2 equiv) were added.  The reaction was stirred open to the atmosphere 
for 6 h.  The reaction mixture was filtered through a SiO2 plug eluting with acetone and the 
solvent was removed with a rotary evaporator.  The product was purified by flash 
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chromatography, eluting with the indicated solvent system to provide the pure unsymmetrical 
succinate. 
O
O
O
O
O
O
OMe
O
1.) Et2Zn
Cu(NtBu·sal)2, TMSCl
Et20, -78 °C to reflux
2.) Me2SO4, K2CO3
acetone
 
1-Allyl-4-methyl-3-allyl-2-ethylsuccinate (18a).  The title compound was prepared 
according to General Procedure B using 100 mg (0.51 mmol) of diallyl fumarate, 0.6 mL of a 
1.0 M Et2Zn solution in hexanes (0.61 mmol), 10.4 mg (0.051 mmol) of catalyst, and 0.10 
mL (0.77 mmol) of TMSCl in 5 mL of Et2O.  The methylated product was prepared using 53 
mL (0.61 mmol) of dimethyl sulfate and 58 mg (0.61 mmol) of potassium carbonate in 5 mL 
of acetone to yield 101.7 mg (83%, 9:1 dr) of the substituted succinate as a clear liquid after 
flash chromatography (10% EtOAc/hexanes).  Analytical data for the title compound:  IR 
(thin film, cm
-1
) 3079, 2969, 2953, 2942, 2883, 1735, 1643, 1596, 1461, 1440;  
1
H NMR 
(400 MHz, CDCl3) & 5.90 (ddt, J = 6.0, 10.4, 17.2 Hz, 1H), 5.68 (dddd, J = 6.8, 7.6, 10.0, 
17.2 Hz, 1H), 5.32 (dd, J = 1.6, 17.2 Hz, 1H), 5.23 (dd, J = 1.2, 10.4 Hz, 1H), 5.05-4.95 (m, 
2H), 4.59 (dd, J = 1.6, 6.0 Hz, 2H), 3.65 (s, 3H), 2.77 (dt, J = 4.8, 10.0 Hz, 1H), 2.61 (dt, J = 
4.0, 10.0 Hz, 1H), 2.36-2.26 (m, 1H), 2.33-2.15 (m, 1H), 1.67-1.42 (m, 2H), 0.87 (t, J = 7.2 
Hz, 3H);  
13
C NMR (100 MHz, CDCl3) & 173.9, 173.6, 134.5, 131.9, 118.6, 117.2, 65.1, 
51.5, 49.2, 47.8, 35.0, 23.8, 11.6;  Attempts to obtain acceptable combustion analysis were 
not successful.  See Supporting Information of Reference 19 for 
1
H NMR spectrum. 
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O
O
O
O
O
O
OMe
O
1.) Et2Zn
Cu(NtBu·sal)2, TMSCl
Et20, -78 °C to reflux
2.) Me2SO4, K2CO3
acetone
 
4-Methyl-1-(3-methylbut-2-enyl)-2-ethyl-3-(2-methylbut-3-en-2-yl)succinate 
(18b).  The title compound was prepared according to General Procedure B using 128.2 mg 
(0.51 mmol) of diprenyl fumarate, 0.6 mL of a 1.0 M Et2Zn solution in hexanes (0.61 mmol), 
10.4 mg (0.051 mmol) of catalyst, and 0.10 mL (0.77 mmol) of TMSCl in 5 mL of Et2O.  
The methylated product was prepared using 53 mL (0.61 mmol) of dimethyl sulfate and 58 
mg (0.61 mmol) of potassium carbonate in 5 mL of acetone to yield 87 mg (68%, 7.5:1 dr) of 
the substituted succinate as a clear liquid after flash chromatography (10% EtOAc/hexanes).  
Analytical data for the title compound:  IR (thin film, cm
-1
) 3086, 2967, 2936, 2878, 1732, 
1675, 1639, 1599, 1458, 1436;  
1
H NMR (400 MHz, CDCl3) & 5.77 (dd, J = 10.4, 17.6 Hz, 
1H), 5.32 (dt, J = 1.2, 7.2 Hz, 1H), 4.95-4.90 (m, 2H), 4.47 (dq, J = 7.6, 12.0 Hz, 2H), 3.64 
(s, 3H), 2.76 (d, J = 10.8 Hz, 1H), 2.58 (dt, J = 3.6, 10.8 Hz, 1H), 1.75 (s, 3H), 1.69 (s, 3H), 
1.57-1.45 (m, 1H), 1.42-1.31 (m, 1H), 1.12 (s, 3H), 0.99 (s, 3H), 0.80 (t, J = 7.6 Hz, 3H);  
13
C NMR (100 MHz, CDCl3) & 174.6, 173.6, 146.0, 139.1, 118.4, 111.7, 61.2, 57.1, 51.1, 
46.2, 39.1, 26.7, 25.8, 25.4, 22.2, 18.1;  Anal. Calculated for C17H28O4: C, 68.89; H, 9.54.  
Found: C, 69.04; H, 9.54. 
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O
O
O
O
O
O
OMe
O
1.) iPr2Zn
Cu(NtBu·sal)2, TMSCl
Et20, -78 °C to reflux
2.) Me2SO4, K2CO3
acetone
 
1-Allyl-4-methyl-3-allyl-2-isopropylsuccinate (18c).  The title compound was 
prepared according to General Procedure B using 128.2 mg (0.51 mmol) of diallyl fumarate, 
0.6 mL of a 1.0 M 
i
Pr2Zn solution in toluene (0.61 mmol), 10.4 mg (0.051 mmol) of catalyst, 
and 0.10 mL (0.77 mmol) of TMSCl in 5 mL of Et2O.  The methylated product was prepared 
using 53 mL (0.61 mmol) of dimethyl sulfate and 58 mg (0.61 mmol) of potassium carbonate 
in 5 mL of acetone to yield 92.2 mg (70%, 4.8:1 dr) of the substituted succinate as a clear 
liquid after flash chromatography (10% EtOAc/hexanes).  Analytical data for the title 
compound:  IR (thin film, cm
-1
) 3084, 2966, 2880, 2849, 1734, 1643, 1466, 1436;  
1
H NMR 
(400 MHz, CDCl3) & 5.91 (ddt, J = 5.6, 10.4, 17.2 Hz, 1H), 5.75-5.63 (m, 1H), 5.34 (dd, J = 
1.6, 17.2 Hz, 1H), 5.24 (dd, J = 1.2, 10.4 Hz, 1H), 5.05-4.95 (m, 2H), 4.63-4.53 (m, 2H), 
3.66 (s, 3H), 2.90 (dt, J = 4.0, 10.0 Hz, 1H), 2.65 (dd, J = 5.6, 10.0 Hz, 1H), 2.34-2.16 (m, 
2H), 1.91-1.79 (m, 1H), 0.94 (t, J = 7.2 Hz, 3H);  
13
C NMR (100 MHz, CDCl3) & 174.4, 
172.4, 134.8, 132.1, 118.7, 117.2, 65.1, 53.6, 51.7, 46.2, 35.0, 29.1, 21.3, 18.3;  Anal. 
Calculated for C14H22O4: C, 66.12; H, 8.72.  Found: C, 66.25; H, 8.75. 
O
O
O
O
O
O
OMe
O
1.) Bu2Zn
Cu(NtBu·sal)2, TMSCl
Et20, -78 °C to reflux
2.) Me2SO4, K2CO3
acetone
 
1-Allyl-4-methyl 3-allyl-2-butylsuccinate (18d).  A flame-dried 10 mL round-
bottomed flask equipped with a stirbar was charged with 104 mg (0.76 mmol) of ZnCl2 in a 
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dry box.  The flask was sealed and removed from the drybox and 4 mL of Et2O was added 
under argon.  The suspension was cooled to 0 ˚C and 0.96 mL of a 1.6 M n-BuLi solution in 
hexanes was added slowly.  The solution was warmed to 23 ˚C, and after 15 min was added 
via cannula to a dry 25 mL round-bottomed flask with a solution of 100 mg (0.51 mmol) of 
diallyl fumarate, 10.4 mg (0.05 mmol) of catalyst, and 0.26 mL (2.04 mmol) of TMSCl in 3 
mL of Et2O at -78 ˚C under argon.  This solution was stirred at the same temperature for 120 
min and warmed to 23 ˚C.  A reflux condenser was attached and the reaction was warmed at 
reflux for 24 h.  The reaction was cooled and quenched with 10 mL of 1 M HCl.  The 
aqueous layer was extracted with three 10 mL portions of Et2O.  The organic extracts were 
combined and washed once with brine.  The organic extracts were dried (MgSO4), filtered, 
and the solvent was removed with a rotary evaporator.  The crude product mixture was 
dissolved in unpurified acetone in a 25 mL round-bottomed flask and dimethyl sulfate (0.61 
mmol, 1.2 equiv) and potassium carbonate (0.61 mmol, 1.2 equiv) were added.  The reaction 
was stirred open to the atmosphere for 6 h.  The reaction mixture was filtered through a SiO2 
plug eluting with acetone and the solvent was removed with a rotary evaporator.  The crude 
product was purified by flash chromatography with 10% EtOAc/hexanes to yield 120.3 mg 
(88%, 4.5:1 dr) of a clear oil.  Analytical data for the title compound:  IR (thin film, cm
-1
) 
3083, 2956, 2931, 2873, 2863, 1739, 1643, 1592, 1441;  
1
H NMR (400 MHz, CDCl3) & 5.92 
(ddt, J = 6.0, 6.8, 10.4 Hz, 1H), 5.69 (dddd, J = 6.4, 7.6, 10.0, 16.8 Hz, 1H), 5.34 (dq, J = 1.6, 
17.2 Hz, 1H), 5.25 (dd, J = 1.2, 10.4 Hz, 1H), 5.06-4.96 (m, 2H), 4.60 (d, J = 5.6 Hz, 2H), 
3.67 (s, 3H), 2.77 (dt, J = 4.8, 9.6 Hz, 1H), 2.68 (dt, J = 3.6, 10.0 Hz, 1H), 2.38-2.28 (m, 1H), 
2.24-2.16 (m, 1H), 1.68-1.56 (m, 1H), 1.45-1.16 (m, 5H), 0.86 (t, J = 7.2 Hz, 3H);  
13
C NMR 
(100 MHz, CDCl3) & 174.1, 173.9, 134.7, 132.1, 118.7, 117.3, 65.3, 51.7, 48.2, 47.8, 35.1, 
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30.4, 29.5, 22.5, 13.9;  Anal. Calculated for C15H24O4: C, 67.14; H, 9.01.  Found: C, 67.26; 
H, 9.01. 
O
O
O
O
O
O
OMe
O
1.) Bu2Zn
Cu(NtBu·sal)2, TMSCl
Et20, -78 °C to reflux
2.) Me2SO4, K2CO3
acetone
 
4-Methyl-1-(3-methylbut-2-enyl)-2-butyl-3-(2-methylbut-3-en-2-yl)succinate 
(18e).  A flame-dried 10 mL round-bottomed flask equipped with a stirbar was charged with 
104 mg (0.76 mmol) of ZnCl2 in a dry box.  The flask was sealed and removed from the 
drybox and 4 mL of Et2O was added under argon.  The suspension was cooled to 0 ˚C and 
0.96 mL of a 1.6 M n-BuLi solution in hexanes was added slowly.  The solution was warmed 
to 23 ˚C, and after 15 min was added via cannula to a dry 25 mL round-bottomed flask 
containing 128.5 mg (0.51 mmol) of diprenyl fumarate, 10.4 mg (0.05 mmol) of catalyst, and 
0.26 mL (2.04 mmol) of TMSCl in 3 mL of Et2O at -78 ˚C under argon.  This solution was 
stirred at the same temperature for 120 min and warmed to 23 ˚C.  A reflux condenser was 
attached and the reaction was warmed at reflux for 24 h.  The reaction was cooled and 
quenched with 10 mL of 1 M HCl.  The aqueous layer was extracted with three 10 mL 
portions of Et2O.  The organic extracts were combined and washed once with brine.  The 
organic extracts were dried (MgSO4), filtered, and the solvent was removed with a rotary 
evaporator.  The crude product mixture was dissolved in unpurified acetone in a 25 mL 
round-bottomed flask and dimethyl sulfate (0.61 mmol, 1.2 equiv) and potassium carbonate 
(0.61 mmol, 1.2 equiv) were added.  The reaction was stirred open to the atmosphere for 6 h.  
The reaction mixture was filtered through a SiO2 plug eluting with acetone and the solvent 
was removed with a rotary evaporator.  The crude product was purified by flash 
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chromatography with 10% EtOAc/hexanes to yield 87.8 mg (63%, 2:1 dr) of a clear oil.  
Analytical data for the major diastereomer of the title compound:  IR (thin film, cm
-1
) 2963, 
2933, 2873, 2862, 1732, 1675, 1639, 1454;  
1
H NMR (400 MHz, CDCl3) & 5.78 (dd, J = 
10.4, 17.6 Hz, 1H), 5.35-5.28 (m, 1H), 4.93 (d, J = 4.8 Hz, 1H), 4.90 (s, 1H), 4.46 (dq, J = 
7.2, 12.0 Hz, 2H), 3.65 (s, 3H), 2.751 (d, J = 10.8 Hz, 1H), 2.64 (dt, J = 3.2, 11.2 Hz, 1H), 
1.75 (s, 3H), 1.69 (s, 3H), 1.56-1.45 (m, 1H), 1.32-1.12 (m, 5H), 1.12 (s, 3H), 0.99 (s, 3H), 
0.82 (t, J = 7.2 Hz, 3H);  
13
C NMR (100 MHz, CDCl3) & 174.7, 173.6, 146.0, 139.1, 118.4, 
111.7, 61.2, 57.3, 51.1, 44.6, 39.1, 32.0, 29.2, 26.8, 25.8, 22.5, 22.2, 18.1, 13.9;  Anal. 
Calculated for C19H32O4: C, 70.33; H, 9.94.  Found: C, 70.28; H, 10.18.  Analytical data for 
minor diastereomer:  
1
H NMR (400 MHz, CDCl3) & 5.90 (dd, J = 10.8, 17.6 Hz, 1H), 5.35-
5.28 (m, 1H), 5.01 (d, J = 11.6 Hz, 1H), 4.98 (d, J = 4.8 Hz, 1H), 4.55-4.46 (m, 2H), 3.62 (s, 
3H), 2.74-2.66 (m, 1H), 2.52 (d, J = 6.8 Hz, 1H), 1.74 (s, 3H), 1.69 (s, 3H), 1.67-1.60 (m, 
1H), 1.32-1.15 (m, 5H), 1.14 (s, 3H), 1.06 (s, 3H), 0.85 (t, J = 7.2 Hz, 3H).   
O
O
O
O
O
O
OMe
O
1.) Et2Zn
Cu(NtBu·sal)2, TMSCl
Et20, -78 °C to reflux
2.) Me2SO4, K2CO3
acetone
 
(E)-1-But-2-enyl 4-methyl 3-(but-3-en-2-yl)-2-ethylsuccinate (18f).  The title 
compound was prepared according to General Procedure B using 115 mg (0.51 mmol) of 
fumarate, 0.6 mL of a 1.0 M Et2Zn solution in hexanes (0.61 mmol), 10.4 mg (0.051 mmol) 
of catalyst, and 0.10 mL (0.77 mmol) of TMSCl in 5 mL of Et2O.  The methylated product 
was prepared using 53 mL (0.61 mmol) of dimethyl sulfate and 58 mg (0.61 mmol) of 
potassium carbonate in 5 mL of acetone to yield 97 mg (70%, mixture of diastereomers) of 
the substituted succinate as a clear liquid after flash chromatography (10% EtOAc/hexanes).  
 70 
1
H NMR (400 MHz, CDCl3) & 5.83-5.52 (m, 3H), 5.04-4.92 (m, 2H), 4.56-4.44 (m, 2H), 
3.68-3.62 (m, 3H), 2.79-2.58 (m, 3H), 1.77-1.68 (m, 3H), 1.61-1.43 (m, 2H), 1.06-0.99 (m, 
3H), 0.90-0.82 (m, 3H).  Anal. Calculated for C15H24O4: C, 67.14; H, 9.01.  Found: C, 66.85; 
H, 9.04. 
O
O
O
O
O
O
OMe
O
1.) Et2Zn
Cu(NtBu·sal)2, TMSCl
Et20, -78 °C to reflux
2.) Me2SO4, K2CO3
acetone
 
(Z)-1-Hex-2-enyl-4-methyl-2-ethyl-3-(hex-1-en-3-yl)succinate (18g).  The title 
compound was prepared according to General Procedure B using 143 mg (0.51 mmol) of 
fumarate, 0.6 mL of a 1.0 M Et2Zn solution in hexanes (0.61 mmol), 10.4 mg (0.051 mmol) 
of catalyst, and 0.10 mL (0.77 mmol) of TMSCl in 5 mL of Et2O.  The methylated product 
was prepared using 53 mL (0.61 mmol) of dimethyl sulfate and 58 mg (0.61 mmol) of 
potassium carbonate in 5 mL of acetone to yield 135.5 mg (82%, mixture of diastereomers) 
of the substituted succinate as a clear liquid after flash chromatography (10% 
EtOAc/hexanes).  
1
H NMR (400 MHz, CDCl3) & 5.66-5.47 (m, 3H), 5.08-4.87 (m, 3H), 
4.67-4.52 (m, 2H), 3.66-3.63 (m, 3H), 2.82-2.62 (m, 2H), 2.18-2.00 (m, 3H), 1.55-1.05 (m, 
8H), 0.93-0.76 (m, 9H).  Anal. Calculated for C19H32O4: C, 70.33; H, 9.94.  Found: C, 70.06; 
H, 9.97. 
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O
O
O
O
O
O1.) Et2Zn
Cu(NtBu·sal)2, TMSCl
Et2O, -78 °C to reflux
2.) NBS, NaHCO3
CH2Cl2, 23 °C O
O
Br  
Allyl-2-(5-(bromomethyl)-2-oxotetrahydrofuran-3-yl)butanoate (20).  A flame-
dried 10 mL round-bottomed flask equipped with a stirbar was charged with 100 mg (0.51 
mmol) of diallyl fumarate and 10.4 mg (0.03 mmol, 0.05 equiv) of Cu(N
t
Bu•sal)2. The flask 
was sealed with a septum and purged with argon.  Et2O (5 mL) was added and the flask was 
cooled to -78 ˚C.  After 15 min, trimethylsilyl chloride (0.77 mmol, 1.5 equiv) was added, 
followed by a 1.0 M solution of Et2Zn in hexanes (0.61 mmol, 1.2 equiv). The solution was 
stirred at the same temperature for 90 min and warmed to 23 ˚C.  A reflux condenser was 
attached and the reaction was warmed at reflux under argon for 12 h.  The reaction was 
cooled and quenched with 10 mL of 1 M HCl.  The aqueous layer was extracted with three 
10 mL portions of Et2O.  The organic extracts were combined and washed once with brine.  
The organic extracts were dried (MgSO4), filtered, and the solvent was removed with a rotary 
evaporator.  The crude product was dissolved in 5 mL of dry CH2Cl2 and 99 mg (0.56 mmol) 
of N-bromosuccinimide and 43 mg (0.51 mmol) of NaHCO3 were added.  The reaction was 
stirred under argon at room temperature for 6 h.  The reaction was quenched with 10 mL of 1 
M HCl and the aqueous layer was extracted three times with 10 mL of CH2Cl2.  The organic 
extracts were combined and dried (MgSO4), filtered, and the solvent was removed with a 
rotary evaporator.  The crude product was purified using flash chromatography (30% 
EtOAc/hexanes) to yield 125 mg (80%, 9:1 dr) of the bromolactone as a clear oil. Analytical 
data for the title compound:  IR (thin film, cm
-1
) 3088, 3056, 2970, 2936, 2879, 1773, 1733, 
1649, 1594, 1460, 1423;  
1
H NMR (400 MHz, CD3CN) & !5.86 (ddt, J = 5.6, 10.8, 16.4 Hz, 
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1H), 5.26 (dd, J = 1.6, 17.2 Hz, 1H), 5.17 (dd, J = 1.6, 10.8 Hz, 1H), 4.60-4.48 (m, 3H), 3.55 
(dq, J = 4.8, 10.8 Hz, 2H), 2.96 (ddd, J = 5.2, 9.2, 11.6 Hz, 1H), 2.83-2.76 (m, 1H), 2.42-2.34 
(m, 1H), 1.97-1.86 (m, 1H), 1.78 (septet, J = 7.6 Hz, 1H), 1.61 (septet, J = 7.6 Hz, 1H), 0.91 
(t, J = 7.6 Hz, 3H);  
13
C NMR (100 MHz, CDCl3) & 176.6, 173.0, 131.7, 118.9, 76.6, 65.6, 
46.1, 41.4, 33.0, 30.5, 23.3, 12.0;  Anal. Calculated for C12H17BrO4: C, 47.23; H, 5.61.  
Found: C, 47.01; H, 5.65. 
 
COSY and NOESY data for bromolactone 20. 
O
O O
O
Br
Hx
Hy
O
O
Ha Br
Hb
Hc
Hd
He
RO2C
CH3
Hf
Hg  
Diagnostic COSY signals:  Hf - He, Hg - He, He - Hb, Ha – Hc, Ha – Hd.  From the COSY 
spectrum, Hx and Hy can accurately be assigned, and a NOESY peak is present confirming 
that the two hydrogens are in proximity to each other, thus confirming they are on the same 
face of the lactone.  
O
O
O
O
O
O
1.) Et2Zn
Cu(NtBu·sal)2, TMSCl
Et20, -78 °C to reflux
2.) (PhO)2P(O)N3, BnOH,
Et3N, CH2Cl2, reflux
N
H
O
O
 
Allyl-3-(benzyloxycarbonylamino)-2-ethylhex-5-enoate (21).  A flame-dried 10 
mL round-bottomed flask equipped with a stirbar was charged with 100 mg (0.51 mmol) of 
diallyl fumarate and 10.4 mg (0.03 mmol, 0.05 equiv) of Cu(N
t
Bu•sal)2. The flask was sealed 
with a septum and purged with argon.  Et2O (5 mL) was added and cooled to -78 ˚C.  After 
15 min, trimethylsilyl chloride (0.77 mmol, 1.5 equiv) was added, followed by a 1.0 M 
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solution of Et2Zn in hexanes (0.61 mmol, 1.2 equiv). The solution was stirred at the same 
temperature for 90 min and warmed to 23 ˚C.  A reflux condenser was attached and the 
reaction was warmed at reflux under argon for 12 h.  The reaction was cooled and quenched 
with 10 mL of 1 M HCl.  The aqueous layer was extracted with three 10 mL portions of 
Et2O.  The organic extracts were combined and washed once with brine.  The organic 
extracts were dried (MgSO4), filtered, and the solvent was removed with a rotary evaporator.  
The crude product, 0.125 mL (0.92 mmol, 1.8 equiv) of triethylamine, and 64 mL (0.61 
mmol, 1.2 equiv) of benzyl alcohol were added to a 25 mL round-bottomed flask equipped 
with a condenser and sealed with a septum.  CH2Cl2 (10 mL) was added under argon, 
followed by 0.165 mL (0.77 mmol, 1.5 equiv) of diphenylphosphoryl azide.  The flask was 
heated at reflux overnight under argon.  Upon completion, the reaction was cooled to room 
temperature and quenched with 20 mL of 1 M HCl.  The aqueous layer was extracted three 
times with 10 mL of CH2Cl2.  The organic extracts were combined, dried (MgSO4), filtered, 
and the solvent was removed by rotary evaporation.  The crude product was purified by flash 
chromatography (30% Et2O/pet. ether) to yield 111.4 mg (66%, 9:1 dr) of the benzyl 
carbamate.  Analytical data for the title compound:  IR (thin film, cm
-1
) 3343, 3075, 3033, 
2968, 2937, 2878, 1734, 1643, 1531, 1456;  
1
H NMR (400 MHz, CDCl3) & 7.40-7.26 (m, 
5H), 5.91 (ddt, J = 6.0, 10.8, 16.4 Hz, 1H), 5.82-5.69 (m, 1H), 5.33 (dd, J = 1.2, 16.8 Hz, 
1H), 5.24 (dd, J = 1.2, 10.4 Hz, 1H), 5.10 (s, 2H), 5.06-5.04 (m, 1H), 4.86 (d, J = 10.0 Hz, 
1H), 4.60 (d, J = 5.6 Hz, 2H), 4.03-3.94 (m, 1H), 2.54-2.46 (m, 1H), 2.36-2.26 (m, 1H), 2.21-
2.10 (m, 1H), 1.80-1.68 (m, 1H), 1.64-1.53 (m, 1H), 0.93 (t, J = 7.2 Hz, 3H);  
13
C NMR (100 
MHz, CDCl3) & 173.4, 155.9, 136.5, 133.8, 131.9, 128.4, 128.1, 128.0, 118.6, 118.3, 66.7, 
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65.2, 51.8, 51.5, 36.7, 21.9, 12.0; Anal. Calculated for C19H25NO4: C, 68.86; H, 7.60; N, 
4.23.  Found: C, 68.78; H, 7.65; N, 4.20. 
O
O
O
O
O
O
1.) Et2Zn
Cu(NtBu·sal)2, TMSCl
Et20, -78 °C to reflux
2.)  DCC, DMAP
(S)-1-phenylethylamine
CH2Cl2, 23 °C
H
N
O
 
Allyl-2-ethyl-3-((S)-1-phenylethylcarbamoyl)hex-5-enoate (22).  A flame-dried 10 
mL round-bottomed flask equipped with a stirbar was charged with 100 mg (0.51 mmol) of 
diallyl fumarate and 10.4 mg (0.03 mmol, 0.05 equiv) of Cu(N
t
Bu•sal)2. The flask was sealed 
with a septum and purged with argon.  Et2O (5 mL) was added and the flask was cooled to -
78 ˚C.  After 15 min, trimethylsilyl chloride (0.77 mmol, 1.5 equiv) was added, followed by a 
1.0 M solution of Et2Zn in hexanes (0.61 mmol, 1.2 equiv). The solution was stirred at the 
same temperature for 90 min and warmed to 23 ˚C.  A reflux condenser was attached and the 
reaction was warmed at reflux under argon for 12 h.  The reaction was cooled and quenched 
with 10 mL of 1 M HCl.  The aqueous layer was extracted with three 10 mL portions of 
Et2O.  The organic extracts were combined and washed once with brine.  The organic 
extracts were dried (MgSO4), filtered, and the solvent was removed with a rotary evaporator.  
The crude product and 71 mL (0.56 mmol, 1.1 equiv) of (S)-1-phenylethylamine were added 
to a 10 mL round-bottomed flask and 5 mL of CH2Cl2 was added under argon.  A solution of 
105 mg (0.51 mmol, 1.0 equiv) of N,N"-dicyclohexylcarbodiimide and 18 mg (0.19 mmol, 
0.3 equiv) of 4-dimethylaminopyridine in 5 mL of CH2Cl2 was added via syringe and the 
reaction was stirred for 6 h.  The crude product was filtered through a SiO2 plug eluting with 
CH2Cl2 and the solvent was removed with rotary evaporation.  The crude product was 
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purified by flash chromatography (20% EtOAc/hexanes) to yield 118 mg (70%, 1:1 dr) of the 
amide as a clear oil.  Analytical data for the title compound:  
1
H NMR (400 MHz, CDCl3) & 
7.30-7.29 (m, 10H), 5.97-5.80 (m, 4H), 5.75-5.62 (m, 1H), 5.61-5.49 (m, 1H), 5.35-4.86 (m, 
10H), 4.60-4.50 (m, 4H), 2.66-2.56 (m, 2H), 2.40-2.30 (m, 4H), 2.12-2.01 (m, 2H), 1.78-1.38 
(m, 10H), 0.87 (t, J = 7.2 Hz, 3H), 0.78 (t, J = 7.2 Hz, 3H).  LRMS (ES):  352.3 [M + Na]
+
. 
O
O
O
O
O
O
1.) Et2Zn
Cu(NtBu·sal)2, TMSCl
Et20, -78 °C to reflux
2.) SOCl2, 23 °C
H
N
O3.) PhNH2, CH2Cl2, 23 °C
 
Allyl-2-ethyl-3-(phenylcarbamoyl)hex-5-enoate (19).  A flame-dried 10 mL round-
bottomed flask equipped with a stirbar was charged with 100 mg (0.51 mmol) of diallyl 
fumarate and 10.4 mg (0.03 mmol, 0.05 equiv) of Cu(N
t
Bu#sal)2. The flask was sealed with 
a septum and purged with argon.  Et2O (5 mL) was added and the flask was cooled to -78 ˚C.  
After 15 min, trimethylsilyl chloride (0.77 mmol, 1.5 equiv) was added, followed by a 1.0 M 
solution of Et2Zn in hexanes (0.61 mmol, 1.2 equiv). The solution was stirred at the same 
temperature for 90 min and warmed to 23 ˚C.  A reflux condenser was attached and the 
reaction was warmed at reflux under argon for 12 h.  The reaction was cooled and quenched 
with 10 mL of 1 M HCl.  The aqueous layer was extracted with three 10 mL portions of 
Et2O.  The organic extracts were combined and washed once with brine.  The organic 
extracts were dried (MgSO4), filtered, and the solvent was removed with a rotary evaporator.  
The crude product was dissolved in excess SOCl2 and stirred at 23 ˚C for 2 h.  The remaining 
SOCl2 was removed in vacuo. The acyl chloride was dissolved in 30 mL of CH2Cl2 and 93 
mL (1.02 mmol, 2.0 equiv) of aniline was added slowly under argon and the reaction was 
stirred for 3 h.  The organic layer was washed with 20 mL of 1 M HCl solution, 20 mL of 
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H2O, and 20 mL of brine.  The organic extracts were dried (MgSO4), filtered, and the solvent 
was removed with a rotary evaporator.  The crude product was purified by flash 
chromatography (15% EtOAc/hexanes) to yield 113.2 mg (74%, 9:1 dr) of the amide as a 
off-white solid.  A portion of this material was recrystallized from a saturated solution of hot 
hexanes.   Analytical data for the title compound:  mp:  84-85 ˚C;  IR (thin film, cm
-1
) 3309, 
3137, 3085, 3063, 2969, 2935, 2878, 1732, 1661, 1601, 1539, 1500, 1443;  
1
H NMR (400 
MHz, CDCl3) & 7.96 (s, 1H), 7.53 (d, J = 7.6 Hz, 2H), 7.30 (t, J = 8.0 Hz, 2H), 7.10 (t, J = 
7.6 Hz, 1H), 5.94 (ddt, J = 6.0, 10.4, 17.2 Hz, 1H), 5.76 (ddt, J = 7.2, 9.6, 16.8 Hz, 1H), 5.35 
(dd, J = 1.2, 17.4 Hz, 1H), 5.26 (dd, J = 1.2, 10.4 Hz, 1H), 5.09 (dd, J = 1.2, 17.2 Hz, 1H), 
5.04-4.99 (m, 1H), 4.70-4.55 (m, 2H), 2.75 (dt, J = 4.4, 9.2 Hz, 1H), 2.65 (dt, J = 4.4, 9.6 Hz, 
1H), 2.55-2.45 (m, 1H), 2.25-2.16 (m, 1H), 1.75-1.57 (m, 2H), 0.91 (t, J = 7.6 Hz, 3H);  
13
C 
NMR (100 MHz, CDCl3) & 175.3, 171.2, 137.7, 134.8, 131.9, 129.0, 124.5, 120.2, 118.9, 
117.7, 65.4, 50.3, 49.6, 39.8, 24.1, 12.0; Anal. Calculated for C18H23NO3: C, 71.73; H, 7.69; 
N, 4.65.  Found: C, 71.67; H, 7.76; N, 4.59. 
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